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GENERAL SUMMARY

The Newfoundland margin was established after Mesozoic continental rifting broke up
supercontinent Pangea and opened the North Atlantic Ocean between North America and Europe.
Normal faults cut through the lithosphere to accommodate extension and created a dynamic
landscape that shifted as the rift system evolved over ~150 million years. Upper Triassic to Upper
Cretaceous sedimentary rock units of the Jeanne d’Arc basin, Grand Banks, offshore
Newfoundland, have been broadly correlated to rift processes, however, the precise timing of rift-
related exhumation and details of ancient drainage systems were uncertain. New stratigraphic and
sediment provenance results for Lower Cretaceous Hibernia Formation strata, including those that
are known reservoir units at the Hibernia oil field, confirm rift-related exhumation was occurring
in the Grand Banks during the Triassic to Jurassic and Early Cretaceous and can be tied to rift
processes occurring further offshore in deep-water settings. North-flowing, Early Cretaceous
rivers and delta systems drained highlands that were located south of the Jeanne d’Arc basin and

comprised both uplifted rocks of the Appalachian orogen and active, syn-rift volcanic centers.
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CHAPTER 1: OVERVIEW

1.1 Introduction

Passive margins have likely existed on Earth since the Neoarchean era and modern
examples account for ~105,000 km of present coastlines, which are greater than the lengths of
mid-ocean spreading ridges (~65,000 km) and convergent (~53,000 km) plate boundaries (e.g.,
Bradley, 2008). Passive margins result from extensional processes that affect the entire lithosphere
and provide insights into the nature of continental rifting, lithospheric breakup, and formation of
divergent plate boundaries (e.g., McKenzie, 1978; Lister et al., 1986; Bradley, 2008). Although
early rift models were based on tectonic scenarios where stretching is instantaneous and uniform
for all layers of the lithosphere (McKenzie, 1978), there is now consensus that non-plume-related
rifting includes polyphase, depth-dependent stretching that is decoupled between lithospheric
layers (e.g., Davis and Kusznir et al., 2004, Lavier and Manatschal 2006, Huismans and Beaumont,
2014). Continental extension in polyphase rift scenarios takes place over >100 Myr and includes
discrete modes of lithospheric stretching and thinning, hyperextension and mantle exhumation,
and lithospheric breakup (e.g., Péron-Pinvidic and Manatschal, 2009). Stepwise progression
through these extensional modes results in a complex transition zone between highly extended
continental lithosphere and oceanic lithosphere with margin-parallel domains (proximal, necking,
distal, outer, and oceanic domains) that collectively record continental margin development (e.g.,
Lavier and Manatschal, 2006, Péron-Pinvidic and Manatschal, 2009; Péron-Pinvidic et al., 2013;
Huismans and Beaumont, 2014). The Newfoundland (SE Grand Banks)-Iberia conjugate margins
(Fig. 1-1A) record the evolution of the Newfoundland-Iberia magma-poor rift system that
developed during the protracted breakup of supercontinent Pangea and opening of the North

Atlantic Ocean. The Newfoundland-Iberia rift system is used as the basis for modern theoretical



models of magma-poor rift evolution, largely constrained by marine seismic and scientific drilling
data in the offshore regions (e.g., Boillot et al., 1980; Jagoutz et al., 2007; Péron-Pinvidic et al.,
2013; Sutraetal.,2013; Haupert et al., 2016). Triassic to Jurassic stretching and thinning (proximal
and necking domains), Early to mid-Cretaceous hyperextension and mantle exhumation (distal
domain), and mid-Cretaceous breakup-related (outer domain) events characterize the main phases
of Newfoundland-Iberia rift evolution (Fig. 1-1B; e.g., Péron-Pinvidic et al., 2013). Mesozoic
basins with predominantly clastic basin fill occur along both margins and indicate that significant
exhumation and erosion in the proximal domain occurred during Mesozoic rifting (e.g., Hiscott et
al., 1990a), however, the predicted exhumation histories during Triassic to Cretaceous rift

development have yet to be tested.

The Jeanne d'Arc basin is an asymmetric graben in the proximal domain (Grand Banks) of
the Newfoundland margin and contains up to 18 km of syn-rift to post-rift strata (Fig. 1-1B;
Enachescu, 1988). Upper Triassic to Upper Cretaceous rocks of the Jeanne d’Arc basin have been
broadly correlated with rift episodes in the North Atlantic region (e.g., Hiscott et al., 1990;
Shannon et al., 1995; Williams et al., 1999; Tucholke et al., 2007). However, the precise
depositional age, provenance, and tectonic significance of these proximal domain units with
respect to coincident Late Jurassic to Cretaceous growth of outboard (necking, distal, outer)
domains and Mesozoic paleodrainage evolution are uncertain (e.g., Hutter and Beranek, 2020).
Upper Jurassic to Lower Cretaceous braided fluvial strata of the Jeanne d’Arc Formation were
sourced from volcanic centers along the SW Grand Banks transform fault and Appalachian
highlands within the Avalon Uplift to the south of the Jeanne d’ Arc basin as a result of rift-related
tectonism in the proximal domain during the necking phase (Fig. 1-1B; e.g., Hutter and Beranek,

2020). Overlying Lower Cretaceous shallow-marine strata of the Hibernia Formation have



untested source-to-sink histories and geological connections with deformation events that involved

hyperextension and mantle exhumation (distal domain) outboard of the modern Grand Banks.
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New studies of Jeanne d’Arc basin strata are required to identify the timing of regional
exhumation and source-to-sink connections along this archetypal magma-poor rift system. In this
thesis, detrital zircon U-Pb and fission-track double-dating investigations of Hibernia Formation
strata are used to constrain Early Cretaceous and older exhumation- and magmatic-cooling events
(e.g., Carter and Moss, 1999; Montario and Garver, 2009; Enkelmann et al., 2019), sediment
provenance signatures, and maximum depositional ages of syn-rift rocks deposited in a proximal
domain setting. The results allowed published rift models for the Newfoundland margin to be
tested, including predictions for proximal domain evolution during hyperextension and mantle
exhumation (e.g., Péron-Pinvidic et al., 2013; Sutra et al., 2013), Berriasian to Valanginian
depositional ages for Hibernia Formation strata to be established, and working hypotheses for the
Early Cretaceous paleogeography of the Grand Banks region to be developed to include north-
flowing fluvial and deltaic systems that drained exhumed Appalachian cover assemblages of the
Avalon Uplift and coeval, syn-rift volcanic-plutonic complexes along the SW Grand Banks

transform fault.

1.2 Geological Background

1.2.1 North Atlantic rift evolution

Magma-poor rift systems are underlain by several margin-parallel architectural domains that
have predictable geological elements and geophysical signatures worldwide (e.g., Péron-Pinvidic
et al., 2013). In the southern North Atlantic Ocean, the Newfoundland and Iberian margins
transition seaward from thick, undisturbed continental crust into proximal, necking, distal, outer,
and oceanic domains that progressively developed during the Late Triassic to Late Cretaceous
periods (Fig. 1-2; Péron-Pinvidic et al., 2013; Sutra et al., 2013). The Jeanne d’Arc basin, located
in the Grand Banks of Newfoundland (proximal domain), records a polyphase subsidence history

4



that resulted from episodic tectonism during the breakup of eastern North America, Africa, UK,
Ireland, and Iberia (Sinclair, 1988; Tankard et al., 1989; Soares et al., 2012; Péron-Pinvidic et al.,
2013; Sutra et al., 2013; Nirrengarten et al., 2018). The proximal domains of the Newfoundland-
Iberia system initially formed by widely distributed, upper crustal extension that resulted in the
formation of intracontinental rift basins, including the Jeanne d’Arc basin, over a vast region
without significant thinning (Tucholke et al., 2007). Thermal subsidence and slow extensional
motion between Newfoundland and Iberia (<2.0 cm/year) subsequently occurred during the Early
Jurassic following the breakup of North Africa and eastern North America near present-day Nova
Scotia further south (Tankard et al., 1989; Sinclair, 1988; Nirrengarten et al., 2018). The transition
from decoupled to coupled deformation and early development of the necking domain at the outer
edge of the Grand Banks began by the early Late Jurassic (Péron-Pinvidic et al., 2013; Sutra et al.,
2013). Renewed tectonic exhumation and subsidence in the Jeanne d’Arc basin and adjacent rift
grabens at this time were accommodated by north- to north-northeast-trending normal faults
(Tankard et al., 1989, Sinclair, 1988). The necking phase culminated with Early Cretaceous
hyperextension and/or mantle exhumation episodes, which promoted the development of the distal
domain and penetration of faults through the entire crust and mantle lithosphere (Fig. 1-2; Péron-
Pinvidic et al., 2013). Berriasian and Hauterivian rift episodes recognized in the Jeanne d’Arc
basin may correlate with the rupture of crust in the southern and northern parts of the

Newfoundland-Iberia rift system, respectively (Tucholke et al., 2007; Nirrengarten et al., 2018).

Early to mid-Cretaceous exhumation of continental mantle lithosphere resulted in wide
transition zones of serpentinized mafic-ultramafic rocks in the distal and outer domains prior to
lithospheric breakup (Fig. 1-2; Péron-Pinvidic et al., 2013). The principal stress orientation in the

Jeanne d’Arc basin shifted to a northeast-southwest direction by the mid-Cretaceous and drove



dip-slip motion along transfer faults that previously accommodated strike-slip displacement
(Tankard et al., 1989). Final lithospheric breakup between Newfoundland and Iberia occurred by
the late Aptian (e.g., Tankard et al., 1989; Sutra et al., 2013; Eddy et al., 2017) and was in part
triggered by a high-volume magmatic event in the outer domain, a region with high relief that
includes thickened crust and underplated, exhumed mantle lithosphere (Fig. 1-2; Bronner et al.,
2011). This magmatic event produced a large-magnitude, linear magnetic anomaly (J anomaly;
Fig. 1-1A) that has a long-lived and complicated history of syn- to post-breakup magmatism

(Nirrengarten et al., 2018).

Lithospheric breakup and the onset of seafloor spreading in the southern North Atlantic
Ocean likely began in the south near the Newfoundland-Azores-Gibraltar fracture zone and
propagated northwards (e.g., Alves et al., 2006; Bronner et al., 2011). The C34 anomaly (~85 Ma)
represents the oceanward extent of the outer domain and is the oldest undisputed seafloor

spreading isochron in the modern oceanic domain (Fig. 1-1A; Bronner et al., 2011). Syn-breakup
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Figure 1-2: Schematic cross-section of the Newfoundland margin after Péron-Pinvidic et al.
(2013). Location of J anomaly from Bronner et al. (2011).



and off-axis, post-breakup magmatism persisted in the outer domain until at least 70 Ma (e.g.,
Jagoutz et al., 2007; Nirrengarten et al., 2018). Lithospheric breakup in the proximal domain is
manifested by an unconformity referred to as the U reflection, a prominent seismic reflector at the
Aptian-Albian boundary in the Jeanne d’Arc basin and elsewhere (Tankard et al., 1989; Péron-
Pinvidic et al., 2013; Sutra et al., 2013; Nirrengarten et al., 2018). Thermal subsidence dominated
the Jeanne d’Arc basin after regional breakup-related uplift (e.g., Soares et al., 2014) and extension

in the adjacent Orphan basin (Sinclair, 1988, Tucholke et al., 2007).

1.2.2 Newfoundland margin

The Newfoundland margin is underlain by Proterozoic to Paleozoic rocks of the Appalachian
orogen that span the onshore and offshore portions of eastern North America and record the
accretion of arcs and microcontinents prior to the final Laurentia-Gondwana collision and
assembly of supercontinent Pangea (Fig. 1-3; e.g., van Staal and Barr, 2012). The Canadian
Appalachians comprise the northern extent of the orogen and are subdivided into several
lithotectonic components that from west to east represent the ancient Laurentian margin, peri-
Laurentian arc and ophiolite fragments, peri-Gondwanan arc fragments, and the peri-Gondwanan
Gander, Avalon, and Meguma terranes (e.g., Williams, 1979). Paleozoic events associated with
the Taconic (500-450 Ma), Salinic (440-420 Ma), Acadian (420-400 Ma), Neoacadian (400-350
Ma), and Alleghenian (340-260 Ma) orogenies generated collision-related igneous suites and
orogen-proximal basins that record Appalachian evolution (e.g., van Staal and Barr, 2012). In
Atlantic Canada, the late Paleozoic Alleghenian orogeny included dextral-oblique convergence
and filling of strike-slip basins with Upper Devonian to Permian strata (Fig. 1-3; van de Poll et al.,
1995; Gibling et al., 2008; Waldron et al., 2015). Proterozoic to Paleozoic rocks in central and

western Newfoundland yield Late Triassic zircon fission-track (Willner et al., 2019) and Jurassic



and older apatite fission-track (Hendriks et al., 1993) ages, respectively, that are consistent with
Mesozoic exhumation of Appalachian infrastructure and recycling of basement and cover

assemblages into the Jeanne d’Arc and related rift basins.

The Grand Banks is a ~500 km-wide platform of submerged continental crust that consists
of Neoproterozoic (760-550 Ma) igneous and meta-sedimentary basement units assigned to
Avalonia and Cambrian to Ordovician (537-475 Ma) meta-sedimentary strata and Late Devonian
plutons assigned to Meguma (Fig. 1-3; Bell and Howie, 1990; Tucholke et al., 2007; van Staal and
Barr, 2012). The SW Grand Banks fault zone is part of a margin-normal, strike-slip fault system
that transitions onshore into the Cobequid-Chedabucto or Minas fault zone in Nova Scotia that

bounds Avalonia and Meguma (Fig. 1-3; Pe-Piper and Piper, 2004; Murphy et al., 2011).

Lower Paleozoic cover assemblages of Avalonia yield 550-750 Ma and 2000-2200 Ma
detrital zircon age populations and indicate provenance from underlying arc basement and
recycling of peri-Gondwanan cratonal signatures (e.g., Pollock et al., 2009, Barr et al., 2012).
Cambrian to Ordovician cover assemblages in Meguma yield 550-750, 2000-2200, and 2500-3000
Ma detrital zircon age populations (e.g., Waldron et al., 2009, Krogh and Keppie, 1990) and are
deformed and intruded by Late Devonian (ca. 375-370 Ma) plutons (e.g., Keppie and Krogh, 1999;
Maclean et al., 2003; Kontak et al., 2004). Upper Paleozoic terrestrial to marine strata derived from
the Canadian Appalachians represent overlap assemblages that sit unconformably on basement
and may also have originally covered the Grand Banks region (Fig. 1-3; Bell and Howie, 1990;
Gibling et al., 2008). Upper Paleozoic strata in Nova Scotia yield 370-380, 500-700, and 2000-
2200 Ma detrital zircon populations that indicate recycling from clastic rocks of the Avalon and
Meguma terranes with minor contributions from Appalachian igneous suites (e.g., Murphy and

Hamilton, 2000; Force and Barr, 2012).
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Figure 1-3: Compiled mica **Ar-**Ar, zircon fission-track and (U-Th)/He, and apatite fission-
track and (U-Th)/He ages from Cretaceous and older rocks in Atlantic Canada modified from
Willner et al. (2019) and sources in Table 1-1. Tectonic map of northern Appalachians basement
and early Paleozoic lithotectonic elements after van Staal and Barr (2012). Inferred extensions into
offshore Nova Scotia and Newfoundland after Bell and Howie (1990). Early Triassic—Late Jurassic
mafic dyke locations after Greenough (1995).

Triassic to Cretaceous syn-rift strata unconformably overlie upper Paleozoic and older rocks
and filled multiple basins (e.g. Jeanne d'Arc, Flemish Pass, Whale, and Orphan basins) during
North Atlantic rift evolution (e.g., Sinclair, 1988). Some syn-rift units are preserved on uplifted
sediment ridges that now separate depocenters (e.g., Central Ridge, Morgiana Uplift; Enachescu,
1987, 1988). Extensional deformation and tectonic subsidence alternated with periods of thermal
subsidence and can be tied to the development of the proximal, necking, distal, and outer domain
phases (Fig. 1-4; e.g., Sinclair, 1988; Tankard et al., 1989; Tucholke et al., 2007). Late Jurassic to
Early Cretaceous tectonic subsidence in the Jeanne d’Arc basin was episodic and evidenced by
stacked depositional successions, intervening unconformities, and isopach-thickening toward
extensional faults (Tankard et al., 1989; Shannon et al., 1995). Multiple erosional surfaces coalesce

at the basin margins into a regional unconformity that records 50-60 Myr of rift-related



deformation, uplift, and erosion (Avalon unconformity, e.g., Grant and McAlpine, 1990).
Sedimentary wedges were deposited above rotated fault blocks during the growth of north-
northeast-trending normal faults and rotation of subsiding blocks (Shannon et al., 1995; Williams

et al., 1999).

Table 1-1: Mica *°Ar-3°Ar, zircon fission-track and (U-Th)/He, and apatite fission-track and (U-
Th)/He ages from Cretaceous and older rocks in Atlantic Canada.

. . Zircon fission- Zircon (U- |Apatite fission-track| Apatite (U-
40 .30 .
Dating Method | Mica “AUPAr | ¢ 78Ty | ThyHe (ZHe) (AFT) Th)/He (AHe)
Tem;‘;::i]“rge ccy | 300-400°C” 210-290°C® 160-200°C® 100-120°C® 40-80°C®
Western & Central 235-212Ma" 343-152 Ma"
Newfoundland (x =227 Ma) (x=232Ma)
Offshore ®
Newformdland 50-430 Ma 122-648 Ma
onshore Nova Scoti 342217 Ma" " | 290-192 Ma”” |244-165 Ma" """ 211-165 Ma””
nshore Nova Scofia (X=225Ma) | (¥x=220Ma) | (X=213Ma) (%= 180)
Offshore Nova Scotia| 200 Ma"”
an {7
761-581 Ma W 48-16 Ma
i i )
Anticosti Island (X =655 Ma) 125 Ma (x=33Ma)

(1) Hames and Bowring (1994); (2) Tagami et al. (1998); Tagami (2005), (3) Reiners et al. (2004); (4) Green et al.
(1986); Ketcham et al. (1999), (5) Farley (2000); (6) Willner et al. (2019), (7) Hendriks et al. (1993); (8) Wilson
and Hiscott (2007); (9) Ryan and Zentilli (2003); Ryan (1993), (10) Ravenhurst et al. (1990); (11) Arne et al.
(1990); (12) Grist and Zentilli (2003); (13) Ravenhurst et al. (1989); (14) Willner et al. (2015), (15) Chang (2017);
(16) Grist et al. (1991); (17) Powell et al., (2018).

Late Jurassic to Cretaceous igneous rocks locally crop out in onshore regions of
Newfoundland (Peace et al., 2018) and western Portugal (Grange et al., 2008), and more
prominently along the offshore SW Grand Banks fault zone where they include volcanic centers
with mafic to felsic dykes, sills, and pyroclastic flows (e.g., Pe-Piper et al., 1994; e.g., Bowman et
al., 2012). Upper Jurassic fluvial strata in the Jeanne d’ Arc and Flemish Pass basins yield ca. 159-
145 Ma detrital zircon grains that indicate sustained rift-related magmatism in the Grand Banks

during the development of the necking and distal domains (Hutter and Beranek, 2020).
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1.2.3 Jeanne d’Arc basin stratigraphy

Late Jurassic to Early Cretaceous regional unconformities are recognized along the
Newfoundland margin and represent long-term, recurrent extensional deformation and resultant
erosion-deposition events (Grant and McAlpine, 1990). Within the Jeanne d’Arc basin, the
unconformities separate Upper Jurassic to Upper Cretaceous terrestrial to shallow-marine
siliciclastic units that are important reservoirs in the Grand Banks (Fig. 1-4; Sinclair, 1988). Late
Callovian to middle Kimmeridgian Rankin Formation strata consist of thick limestone units with
interbeds of sandstone and shale, including the Egret Member shale, the main source rock for
Jeanne d’Arc basin hydrocarbon systems (Sinclair, 1988; Shannon et al., 1995; Williams et al.,
1999). A late Kimmeridgian unconformity marks base-level fall and north-south-trending valleys
up to 400 m deep were cut into the underlying Rankin Formation with an erosion apex to the
southern Avalon Uplift (Fig. 1-1B; Sinclair, 1988; Tankard et al., 1989; Hiscott et al., 1990a;
Shannon et al., 1995; Williams et al., 1999). Rivers flowed north, longitudinally along the axis of
the basin, from the southern Avalon Uplift and paleovalleys became back-filled with fluvial
successions of the Tithonian to early Berriasian Jeanne d’Arc Formation (Fig. 1-1B; Tankard et
al., 1989; Hiscott et al., 1990a; Shannon et al., 1995, Hutter and Beranek, 2020). Subsidence
eventually outpaced sedimentation and a continued transgression deposited the Fortune Bay shales

that overlie and cap the Jeanne d’Arc Formation.
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Figure 1-4: Upper Jurassic to Lower Cretaceous stratigraphy compiled by Sinclair et al. (1992)
and Hutter & Beranek (2020) using the geological timescale of Cohen et al. (2013). Extensional
domain development from Péron-Pinvidic et al. (2013).

Lower Cretaceous rock units of the Jeanne d’Arc basin mostly consist of nonmarine to
shallow-marine siliciclastic strata (Tankard et al., 1989) that superseded north-directed, Upper
Jurassic braided fluvial systems (Fig. 1-4; e.g., Hiscott et al., 1990a; Shannon et al., 1995). Early
Cretaceous rise of the Avalon Uplift renewed the clastic source area and resulted in the northward
progradation of Hibernia Formation deltaic successions (Sinclair, 1988; Tankard et al., 1989;
Hiscott et al., 1990b; Williams et al., 1999). The lower member of the Hibernia Formation (Lower
Hibernia) is comprised of stacked fluvial channels in the southwest to delta-front bar facies and
coastal deposits in the northeast (Sinclair, 1988; Hiscott et al., 1990b). The upper member of the
Hibernia Formation (Upper Hibernia) consists of fine-grained, shallow-marine sandstone and
mudstone units that grade laterally to pro-delta shale in the northwest Hibernia oil field (Hiscott et
al., 1990a). Biostratigraphic correlations based on palynomorphs, dinoflagellates, foraminifers,
and ostracods indicate late Berriasian to Valanginian depositional ages in the type section of the

Hibernia Formation (Williams et al., 1990).
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A late Barremian to early Aptian hiatus in the stratigraphic record is marked by an
unconformity that is recognized throughout the North Atlantic region (Tankard et al., 1989, Hiscott
et al., 1990a). In the Jeanne d’Arc basin, the Aptian unconformity truncates underlying tilted and
folded strata and is draped by Ben Nevis Formation sandstone units (Fig. 1-4; Hiscott et al., 1990a;
Shannon et al., 1995; Williams et al., 1999). Ben Nevis Formation strata and laterally equivalent
Nautilus Formation successions record an overall transgressive system with a large-scale fining
upward character (Sinclair, 1988). Fluvial systems flowed northward along the basin axis and
deposited coarse-grained sandstone, conglomerate, and organic debris (Sinclair, 1988; Hiscott et
al., 1990a, 1990b; Shannon et al., 1995; Williams et al., 1999). These strata were overlain by fine-
grained, beach-barrier bar sand and marine mud as the water depth continued to increase and

fluvial systems retreated south (Sinclair, 1988).

1.3 Thesis Objectives

The aim of this project is to investigate the timing and spatial extent of tectonic exhumation
and Early Cretaceous paleodrainage patterns in the Grand Banks region and their genetic
connections to Newfoundland-Iberia rift system development. Specifically, this study analyzed
syn-rift Lower Cretaceous Hibernia Formation sandstone units that were deposited in the proximal
domain (Jeanne d’Arc basin) during the onset of hyperextension and mantle exhumation and
development of the outboard distal domain. Detrital zircon U-Pb and fission-track (FT) signatures
of Hibernia Formation strata provide new insights into magmatic- and exhumation-cooling events,
sediment provenance, and Early Cretaceous landscape evolution. The following main objectives

aim to address the above and are as follows:
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Constrain the lithology and physical and biogenic sedimentary structures of syn-rift, Lower
Cretaceous strata in Hebron M-04, West Bonne Bay F-12, Hibernia B-16 55, and Hibernia
B-16 54W drill core materials (Fig. 1-5);

Use detrital zircon U-Pb geochronology to constrain the maximum depositional ages of
Hibernia Formation strata and compare with known biostratigraphic information;

Use detrital zircon U-Pb geochronology to identify age distributions and develop a new
provenance reference frame for Hibernia Formation strata;

Use detrital zircon fission-track thermochronology to constrain cooling age populations for
Hibernia Formation strata. Specifically, investigate cooling ages that correspond to the
timing of pre-rift, Appalachian-related tectonism, Triassic to Jurassic stretching and
thinning, and Early Cretaceous mantle exhumation.

Use the combination of U-Pb crystallization ages and fission-track cooling ages to identify
cooling types of zircon grains (magmatic- or exhumation-cooled) and constrain the source
regions contributing to basin-fill;

Compare detrital mineral signatures to other syn-rift stratigraphic units and known source
regions in Atlantic Canada and Iberia to constrain timing of exhumation, transport, and

deposition patterns in the proximal domain during Early Cretaceous rift development.
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1.4 Methods & Materials

1.4.1 Samples
Seven Hibernia Formation samples from the Hibernia B-16 55, Hibernia B-16 54W, Hebron

M-04, and West Bonne Bay F-12 wells were analyzed for detrital zircon studies and approximately
300 meters of drillcore were described at the Canada-Newfoundland and Labrador Offshore
Petroleum Board Core Storage and Research Centre in St. John’s, Newfoundland and Labrador
(Fig. 1-5). These include two samples of the Lower Hibernia Formation from the Hibernia oil field
and five samples of the Upper Hibernia Formation in the Hebron oil field and nearby areas (Table
1-2). Each sample consisted of ~500 g of medium- to coarse-grained sandstone from full-diameter
core. Zircon grains were isolated from the samples using standard crushing, milling, sieving,
magnetic separation, and heavy liquid separation (methylene iodide) techniques at Memorial

University of Newfoundland.

Table 1-2: Location and lithological descriptions for Hibernia Formation detrital zircon samples.

(Core - Box Approx. True [Formation -
[Sample [Well Name [Core Depth (mMD) [Vertical Depth iSample Description
Numbers Member
'mTVD)
medium- to coarse-grained, subrounded to rounded |
[20ET01 [West Bonne Bay F-12 1 - 110-113 M009-4013 3431 [Upper Hibernia jmoderately-sorted, massive to normally graded,
lquartz arenite
Ifine- to medium-grained, subrounded to rounded,
[20ET02 [West Bonne Bay F-12 1 - 92-96 [3994-3998 3416 [Upper Hibernia  [well-sorted, massive to planar crossbeddad,

ublithic arenite
Ifine- to medium-grained, subrounded to rounded,
[20ET03 [West Bonne Bay F-12 1 - 24-30 3941-3947 3364 [Upper Hibernia  [well-sorted, massive to planar crossbeddad,
ublithic arenite
[fine- to medium-grained, subrounded to rounded,
[20ET08 [Hebron M-04 3 - 37-42 3028-3037 3032 [Upper Hibernia  [well-sorted, massive to normally graded, sublithic
larenite
Ifine- to medium-grained, subrounded to rounded,
[20ET09 [Hebron M-04 3 - 26-33 3015-3025 3020 [Upper Hibernia  [poor- to moderately-sorted, wavy bedded, sublithic
larenite
medium- to coarse-grained, subrounded to rounded,
[20ET05 [Hibernia B-16 55 2 -3 7245-7246 14618 [Lower Hibermia [well-sorted, massive to planar crossbedded, quartz
larenite
Ifine- to medium-grained, subrounded to rounded,
|20EJ06 [Hiberma B-16 54W  [1-1-3 6989-6986 4445 [Lower Hiberma [moderately- to well-sorted, massive to planar
lcrossbedded, sublithie arenite
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Figure 1-5: Stratigraphy and detrital zircon sample locations for Hibernia Formation samples in
Hibernia B-16 55 and 54W, Hebron M-04, and West Bonne Bay F-12 wells.
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1.4.2 Detrital zircon U-Pb and fission-track double-dating methods

Detrital zircon grains were analyzed using U-Pb and fission-track (FT) double-dating
techniques at the Geo- and Thermochronology Laboratory, University of Calgary. Each rock
sample was divided between two Teflon mounts and polished following the procedures of Tagami
(2005). Mounts were polished with 6 um, 3 pm, and 1 um diamond paste and etched in a binary
eutectic mixture of KOH:NaOH (in proportions by weight: 8.0 g KOH and 11.2 g NaOH) etchant
at 228°C (Gleadow et al., 1976). Etching detrital zircon samples is a multi-step process devised to
create as many countable grains as possible. Every zircon population has an unknown optimal etch
time between 4-120+ hours dependent on variations in uranium concentration ([U]), radiation
damage, and FT age (Garver and Brandon, 1994; Bernet and Garver, 2005; Kohn et al., 2019). In
detrital samples, multiple zircon populations coexist and one etch time will not optimally etch all
of the grains (Gleadow et al., 1976; Hasebe et al., 1994). One set of the mounts was etched for 10
hours before fission-track counting. At 10 h etch time, there were distinct populations of over-
etched zircon (tracks were dense and uncountable; high [U] or old FT age) and under-etched zircon
(tracks were too faint or infrequent to count; low [U] or young FT age). The second set of mounts

was etched to 5, 7, and 12 hours, and counted at each etch point to capture these zircon populations.

Zircon samples were prepared for fission-track counting by cutting down to the size of a
blank laser mount, marking with three reference points, flattening between glass for 20 minutes at
228°C, and allowed to cool for 45-60 minutes. After fission-track counting was completed, the
samples were cleaned using 2% nitric acid (HNO3) in a sonic bath for 30 minutes to remove
surficial common Pb. A map of each sample mount was created using the three reference points
and Trackworks program. A 30 um grid was placed on each zircon under 160x magnification and

the number of fission-tracks were recorded. The location of the grid was added to the mount map
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and a photograph of the grain was saved to ensure the exact location was analyzed for U-Pb
geochronology. Zircon grains with a crystal face large enough to fit a 30um spot were mapped and

photographed for U-Pb analysis only.

Six zircon reference materials were used for U-Pb dating by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) and a second mount of Fish Canyon Tuff was
used for fission-track calibration. U-Pb age determinations and data-filtering followed procedures
of Matthews and Guest (2016) and the reported measurement uncertainties include both random
and systemic components. 2°°Pb/>*¥U ages were used for dates <1.5 Ga and 2°’Pb/?°Pb ages for
dates >1.5 Ga, and analyses with a probability of concordance of <1% were eliminated from the
dataset (Matthews and Guest, 2016). Fission-track ages were determined using the fundamental
FT age equation modified for LA-ICP-MS-based data (Vermeesch, 2019):

t = 11 (1+1,1 Ns)
=+ 248 g

Where Ap is the decay constant of 23U (1.55125 x 10-1 year-1; Jaffey et al., 1971), { is the zeta
calibration calculated from Fish Canyon Tuff zircon standard, Ns is the counted fission tracks, A
is the area of the analysis spot, and [U] is the uranium concentration (U/Si). FT analyses were
eliminated that did not pass U-Pb data filtering protocols (Matthews and Guest, 2016) and three

FT age outliers (819, 843, 899 Ma) were removed for age population analysis.

The youngest detrital zircon U-Pb age populations in each sample were statistically
evaluated to constrain the maximum depositional age and compare to existing fossil constraints.
Maximum depositional age (MDA) determinations vary and can be completed through a variety
of statistical methods (e.g., Barbeau et al., 2009; Coutts et al., 2019; Vermeesch, 2021). MDA

values were calculated using four methods: (1) the youngest statistical peak (YSP - Coutts et al.,
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2019; Herriott et al., 2019) method, which calculates the MDA as the weighted average of the
youngest sub-sample of two or more grains that yield a mean square weighted deviates (MSWD)
of ~1; (2) the youngest grain cluster at 26 method (YGC 2c - Dickinson and Gehrels, 2009)
method, which calculates the MDA from the youngest three or more ages that overlap within 2c
uncertainty; (3) the youngest graphical peak method (YPP - Dickinson and Gehrels, 2009), that
uses the Age Pick macro (https://sites.google.com/laserchron.org/arizonalaserchroncenter/home)
to calculate peaks for clusters of three or more overlapping ages at 2c; and (4) the central value of

the youngest peak determined by mixture modelling (Galbraith, 2005).

1.5 Thesis Presentation

This thesis is presented manuscript style and consists of three chapters with supplementary
appendices. Chapter one serves as an overview and provides the relevant geological background,
methods, and objectives of the thesis research. Chapter two is the main body of this thesis and is
intended to be submitted to Marine and Petroleum Geology or similar peer-reviewed journal with
co-authors Beranek, Enkelmann, Jess, and Matthews. This chapter provides the Hibernia
Formation detrital zircon U-Pb and FT double-dating results and interpretation. Evidence for
tectonic exhumation during Mesozoic extension (proximal, necking, and distal domain
development), detrital zircon provenance, and Early Cretaceous paleogeography are discussed.
Chapter three is a summary of thesis results, outlines unresolved questions, and provides areas for
future research. Appendices provide supplementary material including a compilation of the U-Pb
and FT data tables, maximum depositional age plots for each statistical routine, and RadialPlotter

diagrams used for statistical analysis of fission-track ages.
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CHAPTER 2: EXHUMATION HISTORY AND EARLY CRETACEOUS
PALEOGEOGRAPHY OF THE JEANNE D'ARC BASIN REGION,
OFFSHORE NEWFOUNDLAND, CANADA: NEW INSIGHTS ON
MAGMA-POOR RIFT DEVELOPMENT FROM DETRITAL ZIRCON
U-PB AND FISSION-TRACK DOUBLE-DATING OF HIBERNIA
FORMATION STRATA

2.1 Abstract
Syn-rift strata in the Grand Banks of Atlantic Canada have been broadly correlated with the

Mesozoic tectonic evolution of the Newfoundland-Iberia conjugate margins, but the precise timing
of regional exhumation events and their global significance to the stepwise development of
magma-poor rift systems remain uncertain. New detrital zircon U-Pb (n = 518) and double-dating
fission-track (FT) and U-Pb (n = 269) results from syn-rift, Hibernia Formation sandstone units
constrain the timing of proximal domain rift processes in the Grand Banks and develop working
hypotheses for the Early Cretaceous paleogeography of the Jeanne d’Arc basin region during the
onset of hyperextension, mantle exhumation, and outboard development of the necking and distal
domains. Most DZ grains (~70%) were recycled through upper Paleozoic strata from pre-rift,
Appalachian basins in Atlantic Canada and are characterized by Neoarchean to Paleozoic U-Pb
ages and Neoproterozoic to Paleozoic FT cooling ages. The Berriasian to Valanginian strata yield
Archean to Paleozoic detrital zircon grains with Triassic to Jurassic and Early Cretaceous
exhumation-cooling ages and indicate moderate to rapid tectonic exhumation of Appalachian
basement or thermally-reset sedimentary rocks along active rift flanks or uplifts. Syn-depositional,
Early Cretaceous DZ grains indicate provenance from volcanic centers along the SW Grand Banks

transform fault and are consistent with north-directed paleoflow from the Avalon Uplift region
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into the Jeanne d’ Arc basin. Mesozoic FT cooling populations in Hibernia Formation strata support
rift-related exhumation being temporally tied to proximal, necking, and distal domain deformation
events that are more generally recognized by marine seismic studies of deep-water areas outboard
of the Grand Banks. Syn-rift strata from proximal domain basins can therefore provide insights
into the timing of exhumation events coincident with phases of magma-poor rift system

development.

2.2 Introduction

Passive or rifted continental margins result from extensional processes that affect the entire
lithosphere and provide insights into the nature of continental rifting, lithospheric breakup, and
formation of divergent plate boundaries (e.g., McKenzie, 1978; Lister et al., 1986; Bradley, 2008).
Although early rift models were based on tectonic scenarios where stretching is instantaneous and
uniform for all layers of the lithosphere (McKenzie, 1978), there is now consensus for non-plume-
related rift development to include polyphase, depth-dependent stretching that is decoupled
between lithospheric layers (e.g., Davis and Kusznir et al., 2004, Lavier and Manatschal 2006,
Huismans and Beaumont, 2014). Continental extension in polyphase rift scenarios takes place over
>100 Myr and includes discrete modes of lithospheric stretching-thinning, hyperextension and
mantle exhumation, and lithospheric breakup (e.g., Péron-Pinvidic and Manatschal, 2009). The
full progression through these extensional modes results in margin-parallel architectural elements
(proximal, necking, distal, outer, and oceanic domains) that collectively record continental margin
development (e.g., Lavier and Manatschal, 2006, Péron-Pinvidic and Manatschal, 2009; Péron-
Pinvidic et al., 2013; Huismans and Beaumont, 2014). The Newfoundland (SE Grand Banks)-
Iberia conjugate margins (Fig. 2-1A) record the protracted breakup of supercontinent Pangea and

opening of the North Atlantic Ocean and are used as the basis for most theoretical models of
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magma-poor rift evolution (e.g., Whitmarsh et al., 2001; Péron-Pinvidic et al., 2013; Sutra et al.,
2013). Marine seismic (e.g., Dean et al., 2000; Van Avendonk et al., 2006; Pereira and Alves,
2011; Deemer et al., 2009) and scientific drilling (e.g., Boillot et al., 1980; Miintener and
Manatschal, 2006) results have been used to identify Triassic to Jurassic stretching and thinning
(proximal and necking domains), Early to mid-Cretaceous hyperextension and mantle exhumation
(distal domain), and mid-Cretaceous breakup-related (outer domain) events along the
Newfoundland and Iberian margins (Fig. 2-1B; e.g., Pérez-Gussinyé and Reston, 2001; Bronner

et al.., 2010; Péron-Pinvidic et al., 2013).

The Jeanne d'Arc basin is an asymmetric graben in the proximal domain (Grand Banks) of the
Newfoundland margin and contains up to 18 km of Upper Triassic to Upper Cretaceous strata (Fig.
2-1B; Enachescu, 1988) that have been broadly correlated with rift episodes in the North Atlantic
region (e.g., Hiscott et al., 1990; Shannon et al., 1995; Williams et al., 1999; Tucholke et al., 2007).
However, the precise depositional age, provenance, and tectonic significance of these proximal
domain units with respect to coincident Late Jurassic to Cretaceous growth of outboard (necking,
distal, outer) domains and Mesozoic paleodrainage evolution are uncertain (e.g., Hutter and
Beranek, 2020). Upper Jurassic to Lower Cretaceous braided fluvial strata of the Jeanne d’Arc
Formation were sourced from volcanic centers along the SW Grand Banks transform fault and
Appalachian highlands within the Avalon Uplift to the south of the Jeanne d’Arc basin as a result
of rift-related tectonism in the proximal domain during the necking phase (Fig. 2-1B; e.g., Hutter
and Beranek, 2020). Overlying Lower Cretaceous shallow-marine strata of the Hibernia Formation
have untested source-to-sink histories and geological connections with deformation events that
involved hyperextension and mantle exhumation (distal domain) outboard of the modern Grand

Banks.
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Figure 2-1: (a) Bathymetric map of the southern North Atlantic Ocean and primary features of the
Newfoundland-Iberia rift system compiled from Ryan et al. (2009) and Bronner et al. (2011), (b)
Locations of Mesozoic architectural elements, upper Paleozoic strata, and Devonian plutons of the
Grand Banks and nearby regions after Grant and McAlpine (1990), Bell and Howie (1990) and
Péron-Pinvidic et al. (2013).
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New studies of Jeanne d’Arc basin strata are required to identify the timing of regional
exhumation and source-to-sink connections along this archetypal magma-poor rift system. In this
article, detrital zircon U-Pb and fission-track double-dating investigations of Hibernia Formation
strata are used to constrain Early Cretaceous and older exhumation- and magmatic-cooling events
(e.g., Carter and Moss, 1999; Montario and Garver, 2009; Enkelmann et al., 2019), sediment
provenance signatures, and maximum depositional ages of syn-rift rocks deposited in a proximal
domain setting. The results allow us to test published rift models for the Newfoundland margin,
including predictions for proximal domain evolution during hyperextension and mantle
exhumation (e.g., Péron-Pinvidic et al., 2013; Sutra et al., 2013), establish Berriasian to
Valanginian depositional ages for Hibernia Formation strata, and develop working hypotheses for
the Early Cretaceous paleogeography of the Grand Banks region to include north-flowing fluvial
and deltaic systems that drained exhumed Appalachian cover assemblages of the Avalon Uplift

and coeval, syn-rift volcanic-plutonic complexes along the SW Grand Banks transform fault.

2.3 Geological Background

2.3.1 North Atlantic rift evolution

Magma-poor rift systems are underlain by several margin-parallel architectural domains that
have predictable geological elements and geophysical signatures worldwide (e.g., Péron-Pinvidic
et al.,, 2013). In the southern North Atlantic Ocean, the Newfoundland and Iberian margins
transition seaward from thick, undisturbed continental crust into proximal, necking, distal, outer,
and oceanic domains that progressively developed during the Late Triassic to Late Cretaceous
periods (Fig. 2-2; Péron-Pinvidic et al., 2013; Sutra et al., 2013). The Jeanne d’Arc basin, located
in the Grand Banks continental platform of Newfoundland (proximal domain), records a polyphase
subsidence history that resulted from episodic tectonism during the breakup of eastern North
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America, Africa, UK, Ireland, and Iberia (Sinclair, 1988; Tankard et al., 1989; Soares et al., 2012;
Péron-Pinvidic et al., 2013; Sutra et al., 2013; Nirrengarten et al., 2018). The proximal domains of
the Newfoundland-Iberia system initially formed by widely distributed, upper crustal extension
that resulted in the formation of intracontinental rift basins, including the Jeanne d’ Arc basin, over
a vast region without significant thinning (Tucholke et al., 2007). Thermal subsidence and slow
extensional motion between Newfoundland and Iberia (<2.0 cm/year) subsequently occurred
during the Early Jurassic (Sinclair, 1988; Nirrengarten et al., 2018). The transition from decoupled
to coupled deformation and early development of the necking domain at the outer edge of the
Grand Banks began by the early Late Jurassic (Péron-Pinvidic et al., 2013; Sutra et al., 2013).
Renewed tectonic exhumation and subsidence in the Jeanne d’ Arc basin and adjacent rift grabens
at this time were accommodated by north- to north-northeast-trending normal faults (Tankard et
al., 1989, Sinclair, 1988). The necking phase culminated with Early Cretaceous hyperextension
and/or mantle exhumation episodes, which promoted the development of the distal domain and
penetration of faults through the entire crust and mantle lithosphere (Fig. 2-2; Péron-Pinvidic et
al., 2013). Berriasian and Hauterivian rift episodes recognized in the Jeanne d’Arc basin may
correlate with the rupture of crust in the southern and northern parts of the Newfoundland-Iberia

rift system, respectively (Tucholke et al., 2007; Nirrengarten et al., 2018).

Early to mid-Cretaceous exhumation of continental mantle lithosphere resulted in wide
transition zones of serpentinized mafic-ultramafic rocks in the distal and outer domains prior to
lithospheric breakup (Fig. 2-2; Péron-Pinvidic et al., 2013). The principal stress orientation in the
Jeanne d’Arc basin shifted to a northeast-southwest direction by the mid-Cretaceous and drove
dip-slip motion along transfer faults that previously accommodated strike-slip displacement

(Tankard et al., 1989). Final lithospheric breakup between Newfoundland and Iberia occurred by
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the late Aptian (e.g., Tankard et al., 1989; Sutra et al., 2013; Eddy et al., 2017) and was in part
triggered by a high-volume magmatic event in the outer domain, a region with high relief that
includes thickened crust and underplated, exhumed mantle lithosphere (Fig. 2-2; Bronner et al.,
2011). This magmatic event produced a large-magnitude, linear magnetic anomaly (J anomaly;
Fig. 2-1A) that has a long-lived and complicated history of syn- to post-breakup magmatism

(Nirrengarten et al., 2018).
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Figure 2-2: Schematic cross-section of the Newfoundland margin after Péron-Pinvidic et al.
(2013). Location of J anomaly from Bronner et al. (2011).

Lithospheric breakup and the onset of seafloor spreading in the southern North Atlantic
Ocean likely began in the south near the Newfoundland-Azores-Gibraltar fracture zone and
propagated northwards (e.g., Alves et al., 2006; Bronner et al., 2011). The C34 anomaly (~85 Ma)
represents the oceanward extent of the outer domain and is the oldest undisputed seafloor
spreading isochron in the modern oceanic domain (Fig. 2-1A Bronner et al., 2011). Syn-breakup
and off-axis, post-breakup magmatism persisted in the outer domain until at least 70 Ma (e.g.,
Jagoutz et al., 2007; Nirrengarten et al., 2018). Lithospheric breakup in the proximal domain is
manifested by an unconformity referred to as the U reflection, a prominent seismic reflector at the
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Aptian-Albian boundary in the Jeanne d’Arc basin and elsewhere (Tankard et al., 1989; Péron-
Pinvidic et al., 2013; Sutra et al., 2013; Nirrengarten et al., 2018). Thermal subsidence dominated
the Jeanne d’ Arc basin after regional breakup-related uplift (e.g., Soares et al., 2014) and extension

in the adjacent Orphan basin (Sinclair, 1988, Tucholke et al., 2007).

2.3.2 Newfoundland margin

The Newfoundland margin is underlain by Proterozoic to Paleozoic rocks of the Appalachian
orogen that span the onshore and offshore portions of eastern North America and record the
accretion of arcs and microcontinents prior to the final Laurentia-Gondwana collision and
assembly of supercontinent Pangea (Fig. 2-3; e.g., van Staal and Barr, 2012). The Canadian
Appalachians comprise the northern extent of the orogen and are subdivided into several
lithotectonic components that from west to east represent the ancient Laurentian margin, peri-
Laurentian arc and ophiolite fragments, peri-Gondwanan arc fragments, and the peri-Gondwanan
Gander, Avalon, and Meguma terranes (e.g., Williams, 1979). Paleozoic events associated with
the Taconic (500-450 Ma), Salinic (440-420 Ma), Acadian (420-400 Ma), Neoacadian (400-350
Ma), and Alleghenian (340-260 Ma) orogenies generated collision-related igneous suites and
orogen-proximal basins that record Appalachian evolution (e.g., van Staal and Barr, 2012). In
Atlantic Canada, the late Paleozoic Alleghenian orogeny included dextral-oblique convergence
and filling of strike-slip basins with Upper Devonian to Permian strata (Fig. 2-3; van de Poll et al.,
1995; Gibling et al., 2008; Waldron et al., 2015). Proterozoic to Paleozoic rocks in central and
western Newfoundland yield Late Triassic zircon fission-track (Willner et al., 2019) and Jurassic
and older apatite fission-track (Hendriks et al., 1993) ages, respectively, that are consistent with
Mesozoic exhumation of Appalachian infrastructure and recycling of basement and cover

assemblages into the Jeanne d’Arc and related rift basins.
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The Grand Banks is a ~500 km-wide platform of submerged continental crust that consists
of Neoproterozoic (760-550 Ma) igneous and meta-sedimentary basement units assigned to
Avalonia and Cambrian to Ordovician (537-475 Ma) meta-sedimentary strata and Late Devonian
plutons assigned to Meguma (Fig. 2-3; Bell and Howie, 1990; Tucholke et al., 2007; van Staal and
Barr, 2012). The SW Grand Banks fault zone is part of a margin-normal, strike-slip fault system
that transitions onshore into the Cobequid-Chedabucto or Minas fault zone in Nova Scotia that

bounds Avalonia and Meguma (Fig. 2-3; Pe-Piper and Piper, 2004; Murphy et al., 2011).

Lower Paleozoic cover assemblages of Avalonia yield 550-750 Ma and 2000-2200 Ma
detrital zircon age populations and indicate provenance from underlying arc basement and
recycling of peri-Gondwanan cratonal signatures (e.g., Pollock et al., 2009, Barr et al., 2012).
Cambrian to Ordovician cover assemblages in Meguma yield 550-750, 2000-2200, and 2500-3000
Ma detrital zircon age populations (e.g., Waldron et al., 2009; Krogh and Keppie, 1990) and are
intruded by Late Devonian (ca. 375-370 Ma) plutons (e.g., Keppie and Krogh, 1999; Maclean et
al., 2003; Kontak et al., 2004). Upper Paleozoic terrestrial to marine strata derived from the
Canadian Appalachians represent overlap assemblages that sit unconformably on basement and
may also have originally covered the Grand Banks region (Fig. 2-3; Bell and Howie, 1990; Gibling
et al., 2008). Upper Paleozoic strata in Nova Scotia yield 370-380, 500-700, and 2000-2200 Ma
detrital zircon populations that indicate recycling from clastic rocks of the Avalon and Meguma
terranes with minor contributions from Appalachian igneous suites (e.g., Murphy and Hamilton,
2000; Force and Barr, 2012). Upper Paleozoic foreland basin strata derived from the Iberian
Variscides may have also covered the Grand Banks region (e.g., Hiscott et al., 2008) and
Carboniferous strata in southern Portugal yield 300-450, 500-750, and 900-1100 Ma detrital zircon

populations (Rodrigues et al., 2015).
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Figure 2-3: Compiled mica 40Ar-39Ar, zircon fission-track and (U-Th)/He, and apatite fission-
track and (U-Th)/He ages from Cretaceous and older rocks in Atlantic Canada modified from
Willner et al. (2019) and sources in Table 2-6. Tectonic map of northern Appalachians basement
and early Paleozoic lithotectonic elements after van Staal and Barr (2012). Inferred extensions into
offshore Nova Scotia and Newfoundland after Bell and Howie (1990). Early Triassic—Late Jurassic
mafic dyke locations after Greenough (1995).

Triassic to Cretaceous syn-rift strata unconformably overlie upper Paleozoic and older
rocks and filled multiple basins (e.g., Jeanne d'Arc, Flemish Pass, Whale, and Orphan basins)
during North Atlantic rift evolution (e.g., Sinclair, 1988). Some syn-rift units are preserved on
uplifted sediment ridges that now separate depocenters (e.g. Central Ridge, Morgiana Uplift;
Enachescu, 1987, 1988). Extensional deformation and tectonic subsidence alternated with periods
of thermal subsidence and are tied to the development of the proximal, necking, distal, and outer
domain phases (Fig. 2-4; e.g., Sinclair, 1988; Tankard et al., 1989; Tucholke et al., 2007). Late
Jurassic to Early Cretaceous tectonic subsidence in the Jeanne d’Arc basin was episodic and
evidenced by stacked depositional successions, intervening unconformities, and isopach-
thickening toward extensional faults (Tankard et al., 1989; Shannon et al., 1995). Multiple

erosional surfaces coalesce at Mesozoic basin margins into a regional unconformity that records
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50-60 Myr of rift-related deformation, uplift, and erosion in the Grand Banks (Avalon
unconformity, e.g., Grant and McAlpine, 1990). Sedimentary wedges were deposited above
rotated fault blocks during the growth of north-northeast-trending normal faults and rotation of

subsiding blocks (Shannon et al., 1995; Williams et al., 1999).

Late Jurassic to Cretaceous igneous rocks locally crop out in onshore regions of
Newfoundland (Peace et al., 2018) and western Portugal (Grange et al., 2008), and more
prominently along the offshore SW Grand Banks fault zone where they include volcanic centers
with mafic to felsic dykes, sills, and pyroclastic flows (e.g., Pe-Piper et al., 1994; e.g., Bowman et
al., 2012). Upper Jurassic fluvial strata in the Jeanne d’Arc and Flemish Pass basins yield ca. 159-
145 Ma detrital zircon grains that indicate rift-related magmatism in the Grand Banks during the

development of the necking and distal domains (Lowe et al., 2011; Hutter and Beranek, 2020).

2.3.3 Hibernia Formation stratigraphy

Lower Cretaceous rock units of the Jeanne d’Arc basin mostly consist of nonmarine to
shallow-marine siliciclastic strata (Tankard et al., 1989) that superceded north-directed, Upper
Jurassic braided fluvial systems with headwaters in the Avalon Uplift (Fig. 2-1B; e.g., Hiscott et
al., 1990a; Shannon et al., 1995). The Jurassic-Cretaceous contact is a disconformity that
represents a brief hiatus across the basin (Tankard et al., 1989). Early Cretaceous rise of the Avalon
Uplift renewed the clastic source area and resulted in the northward progradation of Hibernia
Formation deltaic successions (Sinclair, 1988; Tankard et al., 1989; Hiscott et al., 1990b; Williams
et al., 1999). The lower member of the Hibernia Formation (Lower Hibernia) is comprised of
stacked fluvial channels in the southwest to delta-front bar facies and coastal deposits in the
northeast (Sinclair, 1988; Hiscott et al., 1990b). The upper member of the Hibernia Formation

(Upper Hibernia) consists of fine-grained, shallow-marine sandstone and mudstone units that
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grade laterally to pro-delta shale in the northwest Hibernia oil field (Hiscott et al., 1990a).

Biostratigraphic correlations based on palynomorphs, dinoflagellates, foraminifers, and ostracods

indicate late Berriasian to Valanginian depositional ages in the type section of the Hibernia

Formation (Williams et al., 1990).
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Figure 2-4: Upper Jurassic to Lower Cretaceous stratigraphy compiled by Sinclair et al. (1992)
and Hutter & Beranek (2020) using the geological timescale of Cohen et al. (2013). Extensional
domain development from Péron-Pinvidic et al. (2013).
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2.4 Methods & Materials

2.4.1 Samples
Seven Hibernia Formation samples from the Hibernia B-16 55, Hibernia B-16 54W, Hebron

M-04, and West Bonne Bay F-12 wells were collected from the Canada-Newfoundland and
Labrador Offshore Petroleum Board Core Storage and Research Centre in St. John’s,
Newfoundland and Labrador (Fig. 2-5). These include two samples of the Lower Hibernia
Formation from the Hibernia oil field and five samples of the Upper Hibernia Formation in the
Hebron oil field and nearby areas (Table 1-1). Each sample consisted of ~500 g of medium- to
coarse-grained sandstone from full-diameter core. Zircon grains were isolated from the samples
using standard crushing, milling, sieving, magnetic separation, and heavy liquid separation

(methylene iodide) techniques at Memorial University of Newfoundland.

Table 1-1: Location and lithological descriptions for Hibernia Formation detrital zircon samples.

[Core - Box Approx. True [Formation -
Sample [Well Name ICore Depth (mMD) [Vertical Depth iISample Description
(Numbers . [Member
'mTVD)
medium- to coarse-grained, subrounded to rounded,
[20EJO1 [West Bonne Bay F-12 [#1 - 110-113 14009-4013 3431 [Upper Hibernia  fmoderately-sorted, massive to normally graded,
lquartz arenite
Ifine- to medium-grained, subrounded to rounded,
[Z0EJ02 [West Bonne Bay F-12 #1 - 92-96 [3994-3998 3416 [Upper Hibernia  [well-sorted, massive to planar crossbedded,

ublithic arenite
Ifine- to medium-grained, subrounded to rounded,
[Z0EJ03 [West Bonne Bay F-12 1 - 24-30 [3941-3947 3364 [Upper Hibernia  [well-sorted, massive to planar crossbedded,
ublithic arenite
Ifine- to medium-grained, subrounded to rounded,
[20EJ08 [Hebron M-04 3 - 37-42 [3028-3037 3032 [Upper Hibernia  [well-sorted, massive to normally graded, sublithic
larenite
Ifine- to medium-grained, subrounded to rounded,
[20EJ09 [Hebron M-04 3 - 26-33 [3015-3025 3020 [Upper Hibernia  poor- to moderately-sorted, wavy bedded, sublithic
larenite
medium- to coarse-grained, subrounded to rounded,
[20EJ05 [Hibernia B-16 55 2 -3 7245-7246 14618 [Lower Hibermia [well-sorted, massive to planar crossbedded, quartz
larenite
Ifine- to medium-grained, subrounded to rounded,
[20EJ06 [Hibernia B-16 54W 1 -1-3 6989-6986 14445 [Lower Hibernia [moderately- to well-sorted, massive to planar
erossbedded, sublithic arenite
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Figure 2-5: Stratigraphy and detrital zircon sample locations for Hibernia Formation samples in
Hibernia B-16 55 and 54W, Hebron M-04, and West Bonne Bay F-12 wells.
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2.4.2 Detrital zircon U-Pb and fission-track double-dating methods

Detrital zircon grains were analyzed using U-Pb and fission-track (FT) double-dating
techniques at the Geo- and Thermochronology Laboratory, University of Calgary. Each rock
sample was divided between two Teflon mounts and polished following the procedures of Tagami
(2005). Mounts were polished with 6 um, 3 pm, and 1 um diamond paste and etched in a binary
eutectic mixture of KOH:NaOH (in proportions by weight: 8.0 g KOH and 11.2 g NaOH) etchant
at 228°C (Gleadow et al., 1976). Etching detrital zircon samples is a multi-step process devised to
create as many countable grains as possible. Every zircon population has an unknown optimal etch
time between 4-120+ hours dependent on variations in uranium concentration ([U]), radiation
damage, and FT age (Garver and Brandon, 1994; Bernet and Garver, 2005; Kohn et al., 2019). In
detrital samples, multiple zircon populations coexist and one etch time will not optimally etch all
of the grains (Gleadow et al., 1976; Hasebe et al., 1994). One set of the mounts was etched for 10
hours before fission-track counting. At 10 h etch time, there were distinct populations of over-
etched zircon (tracks were dense and uncountable; high [U] or old FT age) and under-etched zircon
(tracks were too faint or infrequent to count; low [U] or young FT age). The second set of mounts

was etched to 5, 7, and 12 hours, and counted at each etch point to capture these zircon populations.

Zircon samples were prepared for fission-track counting by cutting down to the size of a
blank laser mount, marking with three reference points, flattening between glass for 20 minutes at
228°C, and allowed to cool for 45-60 minutes. After fission-track counting was completed, the
samples were cleaned using 2% nitric acid (HNO3) in a sonic bath for 30 minutes to remove
surficial common Pb. A map of each sample mount was created using the three reference points
and Trackworks program. A 30 um grid was placed on each zircon under 160x magnification and

the number of fission-tracks were recorded. The location of the grid was added to the mount map
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and a photograph of the grain was saved to ensure the exact location was analyzed for U-Pb
geochronology. Zircon grains with a crystal face large enough to fit a 30um spot were mapped and

photographed for U-Pb analysis only.

Six zircon reference materials were used for U-Pb dating by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS; Appendix A) and a second mount of Fish
Canyon Tuff was used for fission-track calibration. U-Pb age determinations and data-filtering
followed procedures of Matthews and Guest (2016) and the reported measurement uncertainties
include both random and systemic components. 2°Pb/>*¥U ages were used for dates <1.5 Ga and
207pb/2%Pb ages for dates >1.5 Ga, and analyses with a probability of concordance of <1% were
eliminated from the dataset (Matthews and Guest, 2016). Fission-track ages were determined using
the fundamental FT age equation modified for LA-ICP-MS-based data (Vermeesch, 2019):

t = 11 (1+1,1 Ns)
B SR AT

Where Ap is the decay constant of 23U (1.55125 x 10-1 year-1; Jaffey et al., 1971), { is the zeta
calibration calculated from Fish Canyon Tuff zircon standard, Ns is the counted fission tracks, A
is the area of the analysis spot, and [U] is the uranium concentration (U/Si). FT analyses were
eliminated that did not pass U-Pb data filtering protocols (Matthews and Guest, 2016) and three

FT age outliers (819, 843, 899 Ma) were removed for age population analysis.

The youngest detrital zircon U-Pb age populations in each sample were statistically
evaluated to constrain the maximum depositional age and compare to existing fossil constraints.
Maximum depositional age (MDA) determinations vary and can be completed through a variety
of statistical methods (e.g., Barbeau et al., 2009; Coutts et al., 2019; Vermeesch, 2021). MDA

values were calculated using four methods: (1) the youngest statistical peak (YSP - Coutts et al.,
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2019; Herriott et al., 2019) method, which calculates the MDA as the weighted average of the
youngest sub-sample of two or more grains that yield a mean square weighted deviates (MSWD)
of ~1; (2) the youngest grain cluster at 2¢ method (YGC 2c - Dickinson and Gehrels, 2009)
method, which calculates the MDA from the youngest three or more ages that overlap within 2c
uncertainty; (3) the youngest graphical peak method (YPP - Dickinson and Gehrels, 2009), that
uses the Age Pick macro (https://sites.google.com/laserchron.org/arizonalaserchroncenter/home)
to calculate peaks for clusters of three or more overlapping ages at 2c; and (4) the central value of

the youngest peak determined by mixture modelling (Galbraith, 2005).

2.5 Results

2.5.1 U-Pb geochronology

Hibernia Formation rock samples yielded 787 U-Pb ages that show similar Archean to
Tonian (3032-726 Ma), Cryogenian to Cambrian (707-493 Ma), Ordovician to Devonian (480-359
Ma), Carboniferous to Permian (358-275 Ma), and Early Cretaceous (143-123 Ma) detrital zircon
populations regardless of lithology, grain size, geographic location, or stratigraphic position (Fig.
2-6). However, the proportion of grains that make up each of the U-Pb populations varied from
well to well. The Lower Hibernia Formation samples from the Hibernia oil field (wells B-16 54W
and B-16 55) in the western Jeanne d’ Arc basin lack 358-275 Ma populations that are recognized
in Upper Hibernia Formation strata, while also yielding relatively less and greater proportions of
Cryogenian to Cambrian and Archean to Tonian zircon grains, respectively (Fig. 2-6). Upper
Hibernia Formation strata from the eastern Jeanne d’Arc basin (West Bonne Bay F-12) contain
greater 358-275 Ma U-Pb populations relative to 465-360 Ma populations, whereas central Jeanne
d’ Arc basin strata in the Hebron oil field (Hebron M-04) yield subequal portions of both Paleozoic
age groupings (Fig. 2-6).
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Figure 2-6: Probability density plots (PDP) and histograms of detrital zircon U-Pb results for
Hibernia Formation samples. Data pooled for Hibernia B-16 55 (20EJ05) and 54W (20EJ06),
Hebron M-04 (20EJO8 and 20EJ09), and West Bonne Bay F-12 (20EJO1, 20EJ02, and 20EJ03)

samples.
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2.5.3 Fission-track thermochronology

Hibernia Formation rock samples yielded 269 fission-track ages that comprise five cooling

populations (CP) and age peaks: (1) Early Cretaceous (125 + 3 Ma); (2) Triassic to Jurassic (198

+ 3 Ma); (3) Carboniferous to Permian (300 + 3 Ma); (4) Ordovician to Devonian (415 = 9 Ma);

and (5) Cryogenian to Cambrian (538 & 13 Ma)(Fig. 2-7 and Table 2-2). Upper Hibernia and Lower

Hibernia Formation strata contain consistent FT age ranges, age dispersion, and CP peaks (Table

2-2).
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Figure 2-7: Radial plot and mixture modelling of detrital zircon fission-track results for Hibernia
Formation samples. Data pooled for Lower Hibernia Formation (Hibernia B-16 55 and 54W
wells) and Upper Hibernia Formation (Hebron M-04, and West Bonne Bay F-12 wells) samples.
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Table 2-2: Detrital zircon fission-track age mixture modelling results for Lower Hibernia
Formation (Hibernia B-16 55 and 54W wells) and Upper Hibernia Formation (Hebron M-04, and
West Bonne Bay F-12 wells) samples.

. Central | Dispersio| Age Population 1 Population 2 Population 3 Population 4 Population 5
Grouping |(magmatic- Value n Range Peak irlcr (Ma) Peak + 16 (Ma) | Peak irlcr (Ma) | Peak + 1§ (Ma) Peak =+ 16 (Ma)
(% of grains) (ne. of | (% of grams) (no. (% of grans) (mo. off (% of grams) (no. | (% of grans) (mo. of
cooled) (Ma) (%) (Ma) e e e .
grains) of grains) grains) of grains) grains)
L. . Carboniferous- Ordovician- Cryogenian-
Early Cretaceous | Triassic-Jurassic R . y .
Permian Devonian Cambrian
88-156 Ma 157-239 Ma 242-351 Ma 355-473 Ma 475-685 Ma
E[?t]:;rma 218(20) | 2969 42 89-683 127+3 (10)(22) 202 +4(18)(39) | 3003 (38)(83) |411=10(20)44)| 530=12(14)(30)
I}_‘[?t\;:rrﬂa 51(4) (27217 44 88-680 122 £ 6 (11)fd) 183 +6 (21)11) | 295=T7 (39200 | 422 =14 (24)11) 648 =42 (4)(3)
|All Hibernia| 269 (24) |291+8 42 88-685 125+ 3 (10)(28) 198 £ 3 (19)(50) | 300+ 3 (38)(103) | 4159 (21)(55) | 53813 (12)(33)

2.6 Discussion

2.6.1 Depositional age of the Hibernia Formation and implications for the timing of
magmatism in the Grand Banks

The youngest detrital zircon grains can constrain the maximum depositional ages, regional
correlation, and geological significance of syn-rift strata (e.g., Cawood et al., 2012; Gehrels, 2014;
Herriott et al., 2019). MDA estimates for the Lower and Upper Hibernia Formation ranged from
Devonian to Early Cretaceous using four statistical routines (Table 2-3) and show no obvious trend
with respect to geographic location in the Jeanne d’Arc basin. Devonian to Permian (ca. 364-280
Ma) MDA values calculated with the YSP, YGC 2o, YPP, or central value methods are older than
stratigraphic constraints and resulted from statistically low numbers of Mesozoic zircon grains in
Hibernia Formation rocks. Upper Hibernia Formation strata from West Bonne Bay (sample
20EJ03) and Hebron oil field (sample 20EJO8) yielded Early Cretaceous ages using the central
value method, whereas Lower Hibernia Formation strata from the Hibernia oil field (samples
20EJ05, 20EJ06) returned Early Cretaceous ages using both the YSP and central value methods
(Table 2-3). Pooled MDA results from these Lower and Upper Hibernia Formation samples yield

Berriasian-early Valanginian and late Valanginian-Barremian depositional ages, respectively,
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which are consistent with published biostratigraphic correlations (Williams et al., 1990) and early
Berriasian and older depositional age estimates for the underlying Jeanne d’ Arc Formation (Hutter
and Beranek, 2020). Berriasian to Barremian zircon grains from Hibernia Formation rocks indicate

magmatism in the proximal domain during the development of the distal domain (Fig. 2-4).

Table 2-3: Maximum depositional age estimates for Hibernia Formation samples and other Upper
Jurassic to Lower Cretaceous strata in the Jeanne d’ Arc basin.

YSP YGC 26 Central | Mesozoic }

Sample (Ma) MSWD (Ma) YPP (Ma) Age (Ma) | Grains (n) MDA Range
Hibernia Samples
20EJ01 (U) 289 +1 0.96 287 £2 292 299 +2 - Permian-Pennsylvanian
20EJ02 (U) 292+ 1 0.79 290+3 293 332+2 - Permian-Mississippian
20EJ03 (U) 291 +1 1.02 287 +2 291 131 +6 1 Early Cretaceous-Permian
20EJ08 (U) 282+2 1.08 280+2 287 123+ 8 1 Early Cretaceous-Permian
20EJ09 (U) 280+3 0.2 289+3 302 364+3 - Permian-Devonian
20EJO05 (L) 141 +£2 1.67 413+3 411 140+ 4 2 Early Cretaceous-Devonian
20EJ06 (L) 135+2 4.58 367+3 139 138+ 4 4 Early Cretaceous-Devonian
Formation
Upper Hibernia Fm. | 129 £2 2.92 282 %1 292 128+ 5 2 Late Valanginian-Barremian
Lower Hibernia Fm.| 140 £ 1 116 138 +£2 139 139+3 6 Berriasian-Early Valanginian
Jeanne d’Arc Fm. 141 +1 1.01 145+1 145 145+ 1 65 Tithonian-Berriasian

2.6.2 Interpreted zircon cooling populations, cooling types, and implications for
exhumation

Hibernia Formation rock samples yielded 269 double-dated zircon grains that are assigned
to five FT cooling populations (CP) and record ~400 Myr of tectonothermal events along the
Atlantic Canadian margin (Table 2-4). Most of the zircon grains are classified as exhumation-
cooled (91%; n = 245) and have U-Pb ages that are older than their corresponding FT ages (Fig.
2-8; Enkelmann et al., 2019). Exhumation-cooled grains occur below the 1:1 line on crystallization
age versus cooling age plots and the difference between these values (AT) quantifies the time
elapsed between zircon crystallization and the last time the zircon cooled through ~250°C. The

remaining zircon grains are classified as magmatic-cooled (9%; n = 24) and have U-Pb ages that
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are statistically equal (within <2c error) to their corresponding FT ages and occur close to the 1:1
line on crystallization age versus cooling age plots (Fig. 2-8; Enkelmann et al., 2019). Four
magmatic-cooled peaks were calculated from the U-Pb ages of double-dated zircon grains: Early
Cretaceous (137 + 2 Ma), Carboniferous-Permian (298 + 4 Ma), Silurian-Devonian (443 + 9 Ma),
and Ediacaran (576 = 8 Ma) (Table 2-4 and Fig. 2-8). Magmatic-cooled grains may not only
indicate derivation from volcanic units, but also shallow intrusive rocks in the top 0-5 km of the
crust where magma cools quickly and results in similar FT and U-Pb ages (e.g., Malusa and

Fitzgerald, 2019).

Hibernia Formation strata show vertical trends in crystallization age versus cooling age
space that start with a magmatic-cooled cluster on the 1:1 line followed by Early Cretaceous and
older FT ages (Fig. 2-8). Cryogenian to Cambrian and Carboniferous to Permian U-Pb populations
show relatively continuous cooling ages since crystallization, whereas Ordovician to Devonian U-
Pb populations have magmatic-cooled peaks followed by punctuated exhumation-cooled age
clusters from the Carboniferous to Early Cretaceous (CP3 to CP1). Archean to Tonian zircon
grains are characterised by only exhumation-cooled grains with AT > 300 Ma and Early Cretaceous
zircon grains only yield magmatic-cooled values. Horizontal trends in the crystallization age
versus cooling age plot show each CP contains a spread of U-Pb ages equal to, or older than, the

cooling ages and represents the signature of rocks that cooled within the time interval.

The Newfoundland-Iberia rift system evolved during Triassic to Jurassic stretching and
thinning, Early to mid-Cretaceous mantle exhumation, and mid-Cretaceous breakup-related events
that formed the proximal, necking, distal, and outer domains (e.g., Davis and Kusznir et al., 2004,

Lavier and Manatschal, 2006, Péron-Pinvidic and Manatschal, 2009; Péron-Pinvidic et al., 2013;
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Figure 2-8: Crystallization age versus cooling age plot of detrital zircon U-Pb and FT double-
dating results for Hibernia Formation samples. Data pooled for Lower Hibernia Formation
(Hibernia B-16 55 and 54W wells) and Upper Hibernia Formation (Hebron M-04, and West
Bonne Bay F-12 wells) samples.

Sutra et al., 2013; Huismans and Beaumont, 2014; Haupert et al., 2016). Lower Cretaceous
Hibernia Formation strata from the Jeanne d’Arc basin record Grand Banks exhumation events
that occurred during continued growth of the proximal domain and tectonic development of the
necking and distal domains. Early Cretaceous CP1 and Triassic to Jurassic CP2 align with the
timing of mantle exhumation (distal domain) and stretching-thinning (proximal and necking
domain) phases of rift evolution between Newfoundland and Iberia, respectively (e.g., Tucholke
et al., 2007; Péron-Pinvidic et al., 2013). Rift-related cooling was likely dominated by tectonic
exhumation along normal faults and magmatic cooling of igneous rocks. The near-zero lag time

observed between Early Cretaceous exhumation-cooled CP1 peak (129 + 3 Ma; Table 2-4) and
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estimated maximum depositional ages of Hibernia Formation strata (139-128 Ma) could result
from fault displacements that caused rapid tectonic exhumation along rift flanks (e.g., Saylor et
al., 2012). Early Cretaceous CP1 cooling ages align with the ~140 Ma onset of mantle exhumation
along the Newfoundland margin (Sutra et al., 2013; Nirrengarten et al., 2018) and corresponding
reactivation and attenuation of normal faults over geologically short time intervals within the
Grand Banks (Berriasian rift episode; Sinclair, 1988; Tucholke et al., 2007). The lack of magmatic-
cooled CP2 grains points to a zircon-poor, tectonothermal event that resulted in significant
exhumation (e.g., Saylor et al., 2012), consistent with Late Triassic to Early Jurassic proximal
domain development with wide corridors of upper crustal extension and mafic magmatism in

Atlantic Canada (cf., Hodych and Hayatsu, 1988).

Carboniferous to Permian CP3 and Ordovician to Devonian CP4 align with the timing of
the Alleghenian-Variscan and Taconic to Neoacadian orogenic cycles, respectively, and reflect
various cooling events related to syn-orogenic magmatism, erosional exhumation, post-orogenic
thermal relaxation and structurally-controlled exhumation along major shear zones and sutures.
CP3 contains the most grains of all the cooling populations and may signal an increased rate of
erosional exhumation (e.g., Pereira et al., 1998, Basler, 2020), increased zircon fertility from
exposure of deeper plutons, and/or the indirect supply and recycling of Iberian-derived zircon
grains through upper Paleozoic strata (Hiscott et al., 2008). Upper Paleozoic to Cretaceous
sedimentary rocks in the Lusitanian basin of western Portugal yield Carboniferous to Permian
(~300 Ma) detrital zircon fission-track ages (e.g., Pereira et al., 1998) and typically contain
Carboniferous to Permian U-Pb populations (e.g., Rodrigues et al., 2015, Dinis et al., 2016) that
are represented in Upper Hibernia Formation strata; however, the majority of the U-Pb ages in

CP3 are Ordovician and older and do not distinguish between recycled Appalachian or Iberian
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sources (Fig. 2-9). Cryogenian to Cambrian U-Pb ages (ca. 700-550) dominate Ordovician to
Devonian CP4 (Fig. 2-9) and likely represent cooling of Avalonian arc successions during Acadian
orogenesis. Silurian magmatic-cooled zircon grains in CP4 may show the introduction of
composite Laurentian sources (e.g., Whalen, 1989); however, the persistent Cryogenian to

Cambrian age population supports the hypothesis that the dominant signature reflects cooling of

peri-Gondwanan terrane infrastructure.

Table 2-4: Detrital zircon double-dated mixture modelling results for exhumation-cooled FT,
magmatic-cooled FT, and magmatic-cooled U-Pb ages for Hibernia Formation samples.

Central Dispersion| Age Range Population 1 Population 2 Population 3 Population 4 Population 5
Value P g 8¢ | Peak+ 1o (Ma) | Peak+ 1o (Ma) | Peak+ 1o (Ma) | Peak+1c (Ma) | Peak:+ lo (Ma)
Grouping n (Ma) (%) (Ma) (% of gramns) (no. | (% of gramns) (no. [ (% of gramns) (ne. (% of grans) (no. of] (% of grans) (o, of
g ° of grains) of grains) of grains) grains) grains)
Early Cretaccous | Triassic-Jurassic | C2iooniferous- | Ordovician- Cryogenian-
- Permian Devonian Cambrian

fﬂﬁ%} 245 | 288 -8 40 89-685 12943 (10)(24) | 19943 (21)(50) | 301 +4(39)(96) | 416 =10 (21)(51) | 540+ 16 (9)(24)
Magmatic- 5 . .
ooled (FT) 24 |331+38 56 88660 107+ 6 (174 202+ 9(29)7) | 423£18(19)4) | 542£19 (35)(9)
IMagmatic- . ) .
cooled (UPL)| 25 |312534 58 131-625 137 + 2 (29)(8) 2084 (25)7) | 4439 (14)(4) 576+ 8 (32)(9)

Cryogenian to Cambrian CP5 aligns with the cessation of subduction along the peri-
Gondwanan margin and end of Avalonian arc magmatism (e.g., Barr et al., 1990; Keppie et al.,
1998). The U-Pb spectra for CP5 are characterized by three age populations (ca. 650-540, 1100-
900, 2100-1600 Ma) and an age gap from 1600-1100 Ma that is consistent with West African
crustal affinity and matches those recognized in Avalonia (Fig. 2-9; e.g., Linnemann et al., 2011,

Pratt et al., 2015, Stephan et al., 2019).
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Figure 2-9: Probability density plots (PDP) and histograms of detrital zircon U-Pb and FT
double-dating results for Hibernia Formation samples. Data pooled by FT cooling populations.

2.6.3 Interpreted zircon provenance signatures
2.6.3.1 Archean to Tonian

Archean to Tonian (ca. 3000-720 Ma) zircon grains make up 14-59% of each sample (mean

= 27%) and have primary sources from the basement domains of eastern Laurentia and West
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Gondwana (e.g., Stephan et al., 2019). Archean zircon grains (>2500 Ma) match the ages of
magmatism in the Nain, Hearne, Superior, and related cratons of North America (e.g., Hoffman,
1988; Scott, 1995), and west Africa (e.g., Linnemann et al., 2011; Pratt et al., 2015; Marzoli et al.,
2017). Early Paleoproterozoic zircon ages (ca. 2000-2200 Ma) are uncommon in eastern North
America, but consistent with known magmatism in the West African craton (e.g., Sylvester and
Attoh, 1992; Kuiper et al., 2017). Late Paleoproterozoic zircon grains match the ages of 2000-
1800 Ma magmatism in the Torngat, Trans-Hudson, and related orogenic belts that assembled
Laurentia (e.g., Hoffman, 1988; Scott, 1995; Whitmeyer and Karlstrom, 2007). Late
Paleoproterozoic to early Neoproterozoic zircon grains (ca. 1700-720 Ma) are consistent with ages
of Grenville basement and Tonian to Cryogenian rift episodes along the three margins of Laurentia.
The Grenville orogen resulted from the successive accretion of Archean to late Mesoproterozoic
arcs and microcontinents from ca. 1800 to 1300 Ma, such as those during the Yavapai and Mazatzal
orogenies, and culminated with ca. 1000 Ma continent-continent collision and formation of
supercontinent Rodinia (e.g., Rivers, 1997). Parts of eastern Labrador and western Newfoundland
are underlain by Mesoproterozoic (1630-1460 Ma) Grenville basement rocks that were intruded
by ca. 1130-1020 Ma and ca. 990-950 Ma plutons (e.g., Gower et al., 1991; Heaman et al., 2002;
Rainbird et al., 2017). Possible recycled sources of Archean to Tonian zircon grains include those
recognized in Ediacaran to lower Paleozoic strata from the [apetan margin in Newfoundland (e.g.,
Cawood and Nemchin, 2001), peri-Gondwanan cover successions of Avalonia (e.g., Keppie et al.,
1998; Pollock et al., 2009; Barr et al., 2012; Willner et al., 2013) and Meguma terrane (e.g., Krogh
and Keppie, 1990; Waldron et al., 2009; Pothier et al., 2015), Appalachian-Variscan foreland and
strike-slip basin strata (e.g., Gray and Zeitler, 1997; Thomas et al., 2004), and Grand Banks syn-

rift successions (e.g., Hutter and Beranek, 2020).
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Archean to Tonian zircon grains in the Hibernia Formation are classified as exhumation-
cooled and yield FT ages that are 300-2500 Myr older than their crystallization ages (Fig. 2-8).
The cooling ages correspond with the timing of several crustal cooling events, including peri-
Gondwanan thermal relaxation (CP5), Acadian-Alleghanian orogenic uplift and erosion (CP4 and

CP3), and Mesozoic rift-related tectonic exhumation (CP1 and CP2) (Fig. 2-10).

2.6.3.2 Cryogenian to Cambrian

Cryogenian to Cambrian zircon grains (ca. 720-485 Ma) make up 0-60% of each sample
(mean = 49%) and have primary igneous sources within the [apetan and peri-Gondwanan terrane
basement domains of the Canadian Appalachians, such as those that underlie the Dunnage, Gander,
and Avalon zones in Newfoundland (e.g. Krogh et al., 1988; Barr et al., 1990; Tucker and
Mckerrow, 1995; O’Brien et al., 1996; Keppie et al., 1998; Rogers et al., 2006; Murphy et al.,
2008). Recycled sources of late Neoproterozoic zircon grains include peri-Gondwanan cover
assemblages (e.g., Krogh and Keppie, 1990; Murphy et al., 2004; Pollock et al., 2009; Waldron et
al., 2009; Barr et al., 2012; Willner et al., 2013; Pothier et al., 2015), syn- to post-orogenic
Paleozoic strata of the Maritimes basin (e.g., Murphy and Hamilton, 2000; Gibling et al., 2008;

Waldron et al., 2015), and Grand Banks syn-rift successions (e.g., Hutter and Beranek, 2020).

Cryogenian to Cambrian zircon populations assigned to Cryogenian to Cambrian CP5 are
characterized by magmatic-cooled grains derived from shallow intrusive rocks, and exhumation-
cooled grains with AT < 100 Ma that likely represent slow or lower crustal cooling of the intrusive
bodies (Fig. 2-8; e.g., Campbell et al., 2005). Possible igneous sources in eastern Newfoundland
include the 570 £ 6 Ma Berry Hills Granite (Kellett et al., 2014) and 585 + 3 Ma Harbour Main
Group (Krogh et al., 1988). Possible Variscan sources along the Iberian margin include 570-540

Ma rocks in the Ossa Morena and Central Iberian zones of Portugal (e.g., Henriques et al., 2015,
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2016). The remaining FT ages for the Cryogenian to Cambrian U-Pb population are exhumation-

cooled and reflect younger geological events (Fig. 2-10). Ordovician to Devonian CP4 and

Carboniferous to Permian CP3 reflect episodes of uplift and erosion when Avalonia accreted

during the Acadian orogeny and the final Gondwana-Laurentia collision during the Alleghanian-

Variscan orogeny, respectively. Cryogenian to Cambrian zircon grains in Triassic to Jurassic CP2

and Early Cretaceous CP1 are consistent with tectonic exhumation events via normal faulting

during proximal and distal domain development, respectively.

Table 2-5: Summary of potential primary and recycled detrital zircon sources for Hibernia

Formation strata.

Age populations | Primary sources

Potential recycled sources in Atlantic Canada

Archean to Tonian

=>2500 Ma Superior, North Atlantic, Nain cratons

2200-2000 Ma West Gondwanan cratons

Torngat, New Quebec, Trans-Hudson,

2000-720 Ma Grenville and related orogens

Tapetan margin sandstones, Appalachian (peri-Laurentian &
peri-Gondwanan) terrane cover assemblages

Appalachian (Peri-Gondwanan) terrane cover assemblages

Tapetan margin sandstones, Appalachian (Peri-Gondwanan)
terrane cover assemblages, Appalachian foreland & strike-
slip basins

Crvogenian to Cambrian

Tapetan and Peri-Gondwanan terrane

Peri-Gondwanan terrane cover assemblages, Appalachian

720-485Ma o ent (Dunnage, Gander, Avalon) foreland & strike-slip basins, Mesozoic rift basins
Paleozoic

540780 Ma Appalachian Variscan igneous suites i;&;;ﬁ)siachian foreland & strike-slip basins, Mesozoic rift
Mesozoic

148-123 Ma North Atlantic rift assemblages Tithonian to Valanginian strata, Grand Banks

2.6.3.3 Paleozoic

Early to late Paleozoic zircon grains (ca. 485-251 Ma) make up 19-29% of each sample

(mean = 23%) and align with ages of Appalachian and Variscan igneous suites. Primary Taconic

igneous sources include 467-452 Ma rocks in the peri-Laurentian realm (Fig. 2-3; e.g., Chorlton
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and Dallmeyer, 1986; Dunning et al., 1990; Valverde-Vaquero et al., 2006; van Staal et al., 2007)
and equivalent Iberian 490-470 Ma magmatism in the Ossa-Morena and Central Iberian zones
(e.g., Solaetal., 2008; Henriques et al., 2015, 2016). Salinic rocks in the Gander zone include 435-
419 Ma igneous suites and 425-410 Ma metamorphic complexes (e.g., O'Brien et al., 1991,
Heaman et al., 2002, Dunning et al., 1990). Acadian and Neoacadian igneous rocks that record the
docking of Avalonia and Meguma are characterized by 396-357 Ma granitic plutons that span from
New England to Newfoundland, including the Grand Banks (e.g., Bell and Howie, 1990; Dunning
et al., 1990; O’Brien et al., 1991; Keppie and Krogh, 1999; Maclean et al., 2003; Kontak et al.,
2004; Kellett et al., 2014; Kellett et al., 2021). Primary Alleghanian sources include 300-265 Ma
granitic plutons along the Appalachians (e.g., Tomascak 1996, Pe-Piper et al., 2010) and Iberian
Variscides (e.g., Fernandez-Suarez et al., 2000; Carracedo et al., 2009). Recycled sources for the
Hibernia Formation include upper Paleozoic foreland and strike-slip basin strata (e.g., Hiscott et

al., 2008; Piper et al., 2012) and Grand Banks syn-rift successions (e.g., Hutter and Beranek, 2020).

Early to late Paleozoic detrital zircon grains in the Hibernia Formation yield FT ages that
correspond to CP4 to CP1 (Fig. 2-8). A Late Ordovician to early Silurian (443 + 9 Ma; CP4)
magmatic-cooled peak matches igneous crystallization ages in composite Laurentia (ca. 445-435
Ma; Whalen, 1989), Ganderia (ca. 440-419 Ma; e.g., Dunning et al., 1990), Avalonia (ca. 440 Cape
St. Mary's sills; Greenough et al., 1993; Hodych and Buchan, 1998), and Meguma (ca. 440 Ma;
White Rock Formation; Keppie and Krogh, 2000; MacDonald et al., 2002). A Carboniferous to
Permian (298 + 4 Ma; CP3) magmatic-cooled peak matches the emplacement ages of Alleghanian
plutons in the northern Appalachians (e.g., Tomascak 1996, Pe-Piper et al., 2010) and Iberian
Variscides (e.g., Fernandez-Suarez et al. 2000, Carracedo et al., 2008). Exhumation-cooled

Paleozoic zircon grains are assigned to three cooling populations and correspond to tectonic
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processes associated with the Alleghenian orogeny (CP3) and Triassic to Jurassic (CP2) and Early

Cretaceous extensional deformation (CP1).

Carboniferous to Permian exhumation-cooled grains show a continuous cooling trend and
grains with AT < 100 Ma may reflect slow magmatic cooling of the pluton(s) identified by the
magmatic-cooled grains (Figs. 2-8 and 2-10; Campbell et al., 2015). In contrast, Ordovician to
Devonian zircon have intermittent FT age clusters with mostly AT > 100 Ma that reflect later

exhumation events (Figs. 2-8 and 2-10).

2.6.3.4 Early Cretaceous

Cretaceous zircon grains comprise 0-12% of each sample (mean = 1%) and have magmatic-
cooled signatures that are assigned to CP1 (Fig. 2-8). The U-Pb ages of Cretaceous zircon grains
corroborate the interpreted timing of syn-rift magmatism in the southern Grand Banks region,
including volcanic centers along the SW Grand Banks transfer zone that are recognized in offshore
drillcore and mapped by marine seismic investigations (e.g., Pe-Piper et al., 1994, Bowman et al.,
2012). For example, mafic to felsic sills, lavas, pyroclastic flows, and volcaniclastic rocks have
yielded whole-rock K-Ar ages of 135 + 6 Ma to 133 + 3 Ma in Brant P-87 and Mallard M-45 (Fig.
2-1B; e.g., Jansa and Pe-Piper, 1988; Pe-Piper et al., 1994). Amphibolite units drilled at Ocean
Drilling Program sites 1067 and 1068, which are currently located in the distal regions of the
Iberian conjugate margin, have similarly yielded **Ar/*’Ar mineral ages of 142—132 Ma (Jagoutz
etal., 2007). Mafic-ultramafic intrusive rocks associated with the Budgell Harbour Stock in central
Newfoundland yield Late Jurassic to mid-Cretaceous K-Ar ages (e.g., Helwig et al., 1974; Peace
et al., 2018), whereas alkaline mafic rocks in western Portugal yield titanite U-Pb ages of 147-142

Ma (Grange et al., 2008).
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Figure 2-10: Probability density plots (PDP) and histograms of detrital zircon U-Pb and FT
double-dating results for Hibernia Formation samples. Data pooled by U-Pb age populations.



2.6.4 Thermal history of the Atlantic margin and significance of Hibernia Formation
cooling populations

Thermal history studies of basement and cover rocks that underlie the Atlantic Canadian
margin have yielded Carboniferous to Cretaceous cooling ages (Fig. 2-3, Table 2-6; e.g.,
Ravenhurst et al., 1989; Hendriks et al., 1993; Ryan and Zentilli, 1993). The continuity of zircon
and apatite fission-track and (U-Th)/He age results along the magma-poor Newfoundland and
magma-rich Nova Scotian margins suggests that the rocks experienced similar Paleozoic thermal
events. However, Paleozoic orogen-related thermal events capable of resetting low-temperature
thermochronometers did not have a blanketing affect across Atlantic Canada. Appalachian
collision-related deformation, metamorphism, and magmatism generally migrated eastwards along
with the sequential accretion of volcanic arcs and microcontinents (van Staal et al., 2009) and the
western limit of deformation is illustrated by Neoproterozoic ZHe ages in Grenville basement
rocks from Anticosti Island (eastern Quebec) (Fig. 2-3; Powell et al., 2018). Acadian (ca. 420-400
Ma) and Neoacadian (ca. 400-350 Ma) deformation reached hundreds of kilometers west (inboard)
of the Avalonian suture and overprinted older Taconic and Salinic fabrics (van Staal et al., 2009)
demonstrated by Devonian to early Carboniferous cooling in the Gander zone of central
Newfoundland (Chorlton and Dallmeyer, 1986) and Devonian syn-tectonic magmatism and
cooling in the Humber zone (e.g; Anderson et al., 2000; Sandeman and Dunning, 2016).
Carboniferous rocks of the Maritimes basin typically yield cooling ages that are younger than their
depositional ages and indicate post-deposition thermal resetting (e.g., Ravenhurst et al., 1989;
Hendriks et al., 1993; Ryan and Zentilli, 1993). Late Devonian to Pennsylvanian heating events
associated with the Alleghenian orogenic cycle in the Canadian (e.g., Hendriks et al., 1993; Kuiper
et al., 2017; Willner et al., 2019) and U.S. Appalachians (e.g., Naeser et al., 2016; Basler, 2020)

are debated, but could reflect burial and/or high heat flow during the erosion of the Appalachians
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and filling of adjacent foreland basins (Ravenhurst et al., 1989; Hendriks et al., 1993; Willner et
al., 2019). Thermal history studies inferred that rocks at the present-day surface were buried >4-5
km depth by Carboniferous to Permian cover assemblages, and combined with a higher geothermal
gradient, could have reset the zircon FT system (Grist and Zentilli, 2003). Evidence for Permian
felsic magmatism in the northern U.S. Appalachians similarly indicates that high temperature
conditions capable of triggering anatexis persisted until ~270 Ma (Tomascak et al., 1996). High
temperatures during Carboniferous orogenesis and magmatism are also recognized in Iberia (e.g.,
Carracedo et al., 2009) and detrital zircon FT studies in central Portugal and Morocco likewise
show a dominant ~300 Ma peak that represents unroofing of Variscan granitoids and adjacent
basement (Pereira et al., 1998; Pratt et al., 2015). Thermal resetting of the zircon FT system during
Alleghanian orogenesis is evident onshore Atlantic Canada and presumably extends into offshore
regions including the Avalon Uplift, the proposed source area for most Hibernia Formation
sediment (Fig. 2-3). Mesozoic deformation and magmatism along the SW Grand Banks transform
and Avalon Uplift could also have reset zircon grains in Mesozoic and older strata by elevated
geothermal gradients (<200 Ma; e.g. Kohn et al., 1993). Hibernia Formation strata contain a range
of cooling ages, including those that pre-date the Acadian, Neoacadian, and Alleghanian orogenic

cycles, indicating if thermal resetting occurred on the Avalon Uplift it did not affect all rocks.

Most Hibernia Formation detrital zircon grains (~70%) are interpreted to be recycled from
Maritimes basin strata and characterized by long lag times (difference between cooling age and
depositional age) that reflect tectono-thermal events older than those that freed the zircon from its
most recent bedrock source (e.g., Bernet and Garver, 2005, Campbell et al., 2005). Apatite FT
transects in the western Newfoundland Appalachians concluded that older, Permian-Carboniferous

(ca. 343-283 Ma) cooling ages are typical at the highest elevations and younger, Triassic to Jurassic
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Table 2-6: Mica *°Ar-3°Ar, zircon fission-track and (U-Th)/He, and apatite fission-track and (U-
Th)/He ages from Cretaceous and older rocks in Atlantic Canada.

Zircon fission- Zircon (U- [Apatite fission-track| Apatite (U-

. . 40, 39
Dating Method | Mica "Ar/"Ar | 00k (ZFT) | Thy/He (ZHe) (AFT) Th)/He (AHe)
Closure/Anneali 1 ) \ s
Te";‘;)fm t';'r‘:}'g)g 300-400°C" 210-290°C” 160-200°C” 100-120°C" 40-80°C°
Western & Central 235-212 Ma@ 343-152 Mam
Newfoundland (x=227 Ma) (x=232Ma)
Offshore ®
Newfoundland 50-430 Ma 122-648 Ma
Onshore Nova Scotia 342217 Ma"™" | 290-192 Ma"” |244-165 Ma™"""""| 211-165 Ma"”
‘ (¥=225Ma) | (X=220Ma) | (%=213Ma) (%= 180)
Offshore Nova Scotia 200 Mam
. 761-581 Ma' an 48-16 Ma"
X= a) X= a
Anticosti Island 655 M 125 Ma 33 M

(1) Hames and Bowring (1994); (2) Tagami et al. (1998); Tagami (2005), (3) Reiners et al. (2004); (4) Green et al.
(1986); Ketcham et al. (1999), (5) Farley (2000); (6) Willner et al. (2019), (7) Hendriks et al. (1993); (8) Wilson
and Hiscott (2007); (9) Ryan and Zentilli (2003); Ryan (1993); (10) Ravenhurst et al. (1990); (11) Arne et al.
(1990); (12) Grist and Zentilli (2003); (13) Ravenhurst et al. (1989),; (14) Willner et al. (2015), (15) Chang (2017),
(16) Gristet al. (1991); (17) Powell et al., (2018).

(ca.241-194 Ma) ages are recognized at lower elevations (Hendriks et al., 1993). This relationship
predicts that syn-rift strata of the Grand Banks would yield a range of similar, or perhaps even
older, cooling ages representative of an exhumed mountain belt. Syn-rift strata from offshore
Newfoundland are correspondingly characterized by Paleozoic to Mesozoic cooling ages,
consistent with significant recycling of onshore Appalachian basement and cover rocks (Hiscott

and Wilson, 2007).

It is uncertain if upper Paleozoic sedimentary rocks of the Avalon Uplift were thermally
reset after deposition, prior to their Mesozoic exhumation. However, the U-Pb signatures for
exhumation-cooled Triassic-Cretaceous (CP2) and Early Cretaceous (CP1) zircon grains could
reflect such an event (Fig. 2-9). Localized thermal-resetting from Alleghanian-Variscan burial and
deformation or Mesozoic deformation and magmatism along the SW Grand Banks transform could

have affected some Avalon Uplift rocks. Subsequent Early Cretaceous tectonic exhumation and
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erosion that supplied Hibernia Formation strata may have tapped into both thermally-reset and un-

reset rocks resulting in the observed Paleozoic to Mesozoic cooling ages.

2.6.5 Early Cretaceous paleogeography

Early Cretaceous CP1 zircon grains that cooled near the time of deposition indicate at least
two sediment sources for the Hibernia Formation. Early Cretaceous magmatic-cooled zircon grains
are likely first-cycle and point to sources to the south of the Jeanne d’Arc basin where Berriasian
and younger intrusive and extrusive igneous rocks are known or inferred along the SW Grand
Banks transform fault (Fig. 2-11; e.g., Pe-Piper et al., 1994, Bowman et al., 2012). Paleozoic and
older exhumation-cooled zircon grains reflect cooling during Early Cretaceous uplift of igneous
basement sources or thermally-reset upper Paleozoic strata (e.g., Keen et al., 1987; Enachescu,

1988; Tankard et al., 1989).

Hibernia Formation detrital zircon grains mostly yield Cryogenian to Jurassic cooling (CP5
to CP2) and Permian to Archean U-Pb crystallization ages that are much older than Early
Cretaceous deposition and characteristic of well-mixed, continental-scale drainage systems with
multiple recycled sources (e.g., Cawood et al, 2012); however, the Hibernia Formation was
deposited during extensional deformation when tectonic subsidence dominated and the likely
sources were local rift flanks. The mature compositional and textural traits of Hibernia Formation
rocks, in conjunction with an inferred local source region in the southern Grand Banks, support
the hypothesis that Lower Cretaceous units were sourced from mature siliciclastic strata that
comprised local rift flanks and uplifts. Syn-rift, Upper Jurassic to Lower Cretaceous sandstone
units of the Jeanne d’Arc, Flemish Pass, and Orphan basins yield similar Archean to
Mesoproterozoic (>2500-1000 Ma), late Neoproterozoic (ca. 760-540 Ma), early to late Paleozoic

(ca. 540-250 Ma), and Mesozoic (ca. 159-137) detrital zircon U-Pb age populations (McDonough
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et al., 2010; Lowe et al., 2011; Hutter and Beranek, 2020). The repeatability of these age spectra
supports the hypothesis that the main sediment sources were pre-existing, Carboniferous to
Jurassic strata that covered Avalonia and Meguma basement in the Grand Banks and adjacent
regions of Atlantic Canada (Hendriks et al., 1993; Gibling et al., 2008; Hiscott et al., 2008; Hutter

and Beranek, 2020).

Carboniferous to Permian (ca. 358-275 Ma) detrital zircon grains that are unique to Upper
Hibernia Formation strata may reflect the change from predominantly southern (Avalon Uplift) to
southeastern (Morgiana Uplift) sediment sources between Berriasian to early Valanginian and late
Valanginian to Barremian time, respectively (Fig. 2-11; e.g., Sinclair, 1988). Furthermore, Upper
Hibernia Formation strata from the eastern Jeanne d’Arc basin (West Bonne Bay F-12) contain
higher proportions of 358-275 Ma zircon grains than those from Hebron M-04 and may indicate
greater proximity to an eastern source (Fig. 2-11). Southern to southeastern source regions are
interpreted for Tithonian to Berriasian Jeanne d ‘Arc Formation strata (Terra Nova oil field; Fig.
2-11) that contain Carboniferous to Permian detrital zircon grains (Hutter and Beranek, 2020),

similar to Upper Hibernia Formation strata.

The FT ages of Carboniferous to Permian zircon grains in the Hibernia Formation show a
magmatic-cooled cluster followed by younger, exhumation-cooled ages that are indicative of
cooling of igneous rocks in the upper crust (CP 3) and later Mesozoic tectonic exhumation (CP 2
and 1) (Fig. 2-10). Carboniferous to Permian igneous rocks are recognized along the Alleghanian-
Varisican orogenic belt in the U.S., Atlantic Canada, and Portugal (e.g., Carracedo et al., 2009;
Pe-Piper et al., 2010), however, it is uncertain if such rocks underlie offshore parts of the eastern
Newfoundland margin. The location of the Alleghanian-Variscan suture along the Newfoundland

margin is unknown (e.g., Lefort et al., 1993), but it is possible that late Paleozoic plutons underlie
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Figure 2-11: Early Cretaceous paleogeography of Atlantic Canada modified from Lowe et al.
(2011) and Piper et al. (2012). Early Cretaceous volcanic centers from Bowman et al. (2012).
North Atlantic Early Cretaceous reconstruction from Nirrengarten et al. (2017). Iberian
Mesozoic architectural elements from Dinis et al. (2021). Hibernia Formation strata are mostly
sourced from Avalon Uplift and SW Grand Banks fault zone regions with potential southeastern
input from Morgiana Uplift and Variscan foreland-hinterland elements.

areas to the east of the Jeanne d’ Arc basin (Fig. 2-11). Crustal thinning may have facilitated upper-
crustal emplacement of late Paleozoic igneous rocks during the orogenic collapse of the Variscan
orogen in western and offshore Portugal (e.g., Berlengas block; Dinis et al., 2021)(Fig. 2-11).
Subsquent rapid exhumation of these late Paleozoic plutons during Triassic to Early Cretaceous
extension would agree with the FT ages of Carboniferous to Permian zircon grains from the

Hibernia Formation. Alternatively, Iberia was adjacent to the SE Grand Banks during the Early
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Cretaceous and such late Paleozoic zircon grains may have been recycled through Alleghanian-
Variscan foreland basin (e.g., Hiscott et al., 2008) or Triassic to Jurassic syn-rift strata. The
scenario for reworked strata requires the mixing of two sources: (1) un-reset sedimentary rocks
that preserve the ages of magmatic-cooled Carboniferous to Permian zircon; and (2) fully reset
sedimentary rocks that lack evidence for Variscan uplift and erosion and instead yield Mesozoic

cooling ages.

2.7 Conclusions

Detrital zircon U-Pb and FT double-dating studies of syn-rift, Lower Cretaceous Hibernia
Formation strata establish source-to-sink connections for the Jeanne d’Arc basin and constrain the
timing of regional exhumation during Mesozoic tectonic development of the Grand Banks region.
Early Cretaceous magmatic-cooled zircon grains (131-143 Ma) identify the presence of syn-
depositional igneous rocks within the drainage system that fed the Jeanne d’ Arc basin and confirm
Berriasian to early Valanginian and late Valanginian to Barremian depositional ages for Lower
and Upper Hibernia Formation strata, respectively. Most Hibernia Formation detrital zircon grains
(~70%) were recycled through older, upper Paleozoic strata of the Maritimes basin in Atlantic
Canada and yield Paleozoic to Neoarchean (281-2753 Ma) U-Pb ages and Paleozoic to Cryogenian
(252-685 Ma) FT ages. Early Cretaceous magmatic-cooled and exhumation-cooled zircon grains
indicate southern Grand Banks source areas for the Hibernia Formation that included exhumed
igneous basement or thermally-reset Appalachian cover assemblages of the Avalon Uplift and
coeval, syn-rift volcanic-plutonic complexes along the SW Grand Banks transform fault. Detrital
zircon double-dating results identify discrete exhumation-cooling events in the Newfoundland-
Iberia magma-poor rift system and record the timing of Triassic to Jurassic stretching and thinning

processes in the proximal domain and Early Cretaceous hyperextension and mantle exhumation in
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the necking and distal domains at the edge of the Grand Banks. Syn-rift strata with exhumation-
related cooling signals in proximal domain regions can be useful archives along other magma-poor

rift margins around the world.
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CHAPTER 3: SUMMARY AND FUTURE RESEARCH

The Newfoundland-Iberia rift system developed during the protracted breakup of
supercontinent Pangea and opening of the North Atlantic Ocean and evolved through Triassic to
Jurassic stretching and thinning (proximal and necking), Early to mid-Cretaceous hyperextension
and mantle exhumation (distal), and mid-Cretaceous breakup-related (outer) events (e.g., Davis
and Kusznir et al., 2004, Lavier and Manatschal, 2006, Péron-Pinvidic and Manatschal, 2009;
Péron-Pinvidic et al., 2013; Sutra et al., 2013; Huismans and Beaumont, 2014; Haupert et al.,
2016). Syn-rift, Hibernia Formation strata were deposited in the Jeanne d’Arc basin on the SE
Grand Banks (proximal domain) during Early Cretaceous distal domain development along the
Newfoundland margin. Detrital zircon U-Pb and fission-track (FT) double-dating results from
Hibernia Formation strata provide new insights into proximal domain evolution during outboard
development of the distal domains and constrain the timing and significance of regional
exhumation events, magmatic activity, and paleodrainage. Seven Hibernia Formation samples
from the Hibernia B-16 55, Hibernia B-16 54W, Hebron M-04, and West Bonne Bay F-12 wells
in the Jeanne d’ Arc basin were analyzed and include two samples of the Lower Hibernia Formation
from the Hibernia oil field and five samples of the Upper Hibernia Formation in the Hebron oil
field and nearby areas. Pooled maximum depositional age (MDA) results for Lower and Upper
Hibernia Formation samples yielded Berriasian to early Valanginian and late Valanginian to
Barremian depositional ages, respectively, which are consistent with published biostratigraphic
correlations (Williams et al., 1990) and early Berriasian and older depositional age estimates for

the underlying Jeanne d’Arc Formation (Hutter and Beranek, 2020).

Hibernia Formation detrital zircon samples record exhumation-related cooling events that

occurred in the Grand Banks during continued growth of the proximal domain and tectonic
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development of the necking and distal domains. FT cooling populations align with the timing of
Triassic to Jurassic stretching and thinning and Early Cretaceous hyperextension and/or mantle
exhumation processes along the Newfoundland margin. The Late Triassic to Early Jurassic cooling
population lacks magmatic-cooled zircon grains, which is consistent with proximal domain
development characterized by wide corridors of upper crustal extension and mafic magmatism in
Atlantic Canada (cf.,, Hodych and Hayatsu, 1988). Near syn-depositional, Early Cretaceous
exhumation cooling signals indicate that rapid tectonic exhumation of rift flanks in the proximal
domain occurred during distal domain development. Theoretical models for magma-poor rifting
(e.g., Péron-Pinvidic et al., 2013; Sutra et al., 2013; Haupert et al., 2016) imply that extensional
deformation migrated outboard and was localized in the distal domain; however, Hibernia
Formation data suggest that extensional processes were similarly occurring in the proximal domain
and included normal faulting that exhumed rocks from ~10-12 km depth followed by erosion and
deposition over a 2-10 Myr interval. Results from the Hibernia Formation demonstrate that syn-
rift strata in proximal domain basins can record evidence for rift-related regional exhumation
events coincident with magma-poor rift system processes. Similar exhumation cooling signals may
be recorded in analogous syn-rift strata of proximal domain basins around the world and may better

constrain the timing of tectonic evolution of magma-poor rift systems globally.

Early Cretaceous magmatic-cooled zircon grains are likely first-cycle and point to a southern
Grand Banks source where Berriasian and younger intrusive and extrusive igneous rocks are
known or inferred (e.g., Pe-Piper et al., 1994, Bowman et al., 2012). North-flowing fluvial and
deltaic systems drained exhumed upper Paleozoic cover assemblages and Appalachian basement
within the Avalon Uplift and volcanic-plutonic assemblages along the SW Grand Banks transform

fault and fed into the Jeanne d’Arc basin. Carboniferous to Permian (ca. 320-250 Ma) detrital
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zircon grains that are unique to Upper Hibernia Formation strata may reflect a shift from a
predominantly southern (Avalon Uplift) to southeastern (Morgiana Uplift) sediment sources
between Berriasian to early Valanginian and late Valanginian to Barremian time, respectively
(e.g., Sinclair, 1988), and hint at possible eastern sources from exhumed Alleghanian-Variscan
foreland basin strata or late Paleozoic plutons to the east of the Jeanne d’ Arc basin.

As of July 31, 2021, ~1 billion barrels of oil have been produced from the Hibernia Formation
with ~220 million barrels of proven reserves remaining (Canada-Newfoundland and Labrador
Offshore Petroleum Board, 2021). The mature quartz arenite units of the Hibernia Formation are
in part the result of sourcing from predominantly mature sedimentary rock units. U-Pb and FT
ages from the Hibernia Formation indicate the main sediment sources were pre-existing, upper
Paleozoic strata that covered Avalonia and Meguma basement units in the Grand Banks and
adjacent regions of Atlantic Canada (Hendriks et al., 1993; Gibling et al., 2008; Hiscott et al.,
2008; Hutter and Beranek, 2020). Most double-dated Hibernia zircon grains (~70%) have pre-rift
cooling signals and are characterized by Paleozoic to Archean U-Pb ages and Paleozoic to
Cryogenian FT ages that reflect Appalachian tectono-thermal events. The remaining zircon grains
(~30%) have syn-rift cooling signals characterized by Mesozoic to Archean U-Pb ages and
Mesozoic FT ages that reflect rift-related exhumation of Appalachian basement or thermally-reset
upper Paleozoic strata. Localized thermal resetting from Alleghanian-Variscan burial and
deformation or Mesozoic deformation and magmatism along the SW Grand Banks transform fault
could have affected a subset of Avalon Uplift source rocks. Subsequent Early Cretaceous tectonic
exhumation and erosion that supplied Hibernia Formation sediment to the Jeanne d’ Arc basin may
have tapped into both thermally-reset and un-reset rocks and resulted in the observed Paleozoic to

Mesozoic cooling ages.
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3.1 Future research

Detrital zircon U-Pb and FT double-dating ages from the Lower Cretaceous Hibernia
Formation provide insight into exhumation events in the Grand Banks during Triassic to Early
Cretaceous rifting and older Paleozoic mountain-building events. As part of the initial scope of
this project, prior to the COVID-19 pandemic, core-logging and detrital zircon sampling of syn-
rift Upper Jurassic to Early Cretaceous Jeanne d’Arc Formation and syn- to post-breakup mid-
Cretaceous Ben Nevis and Nautilus formation units were completed. New detrital zircon U-Pb and
FT double-dating studies of these samples would capture a longer (~40 Myr) interval of Jeanne
d’Arc basin evolution and provide additional context for exhumation rates and timing in the
proximal domain during Mesozoic rifting. Specific questions include: (1) Do the U-Pb and FT age
population signatures change through the syn-rift to post-breakup stratigraphy? If so, can we use
detrital zircon U-Pb ages as stratigraphic indicators? Are they indicative of specific reservoir units?
(2) Do FT cooling populations remain consistent between stratigraphic units? (3) Do Mesozoic
cooling populations align with proximal, necking, distal, and outer domain phases? If so, how do
they evolve between stratigraphic units? (4) Using the lag time between maximum depositional
age and youngest exhumation-cooled FT ages, do rates of exhumation change over the Late

Jurassic to Early Cretaceous periods?

Future research of Appalachian-Variscan basement rock units in eastern Newfoundland and
Portugal with zircon and/or apatite U-Pb,FT, and (U-Th)/He methods could investigate the timing,
rates, and spatial extent of rock exhumation associated with Mesozoic rifting on either side of a
conjugate margin pair. There have yet to be regional-scale studies that use a consistent low-
temperature (< 300°C) thermochronological method to observe patterns and rates of basement

exhumation in eastern Newfoundland and Portugal. Nor have there been cross-conjugate margin
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studies that apply the modern geological framework to the timing of exhumation to test magma-
poor rift models. Applying zircon U-Pb and FT double-dating to basement rocks would provide
source fingerprints to compare with offshore detrital zircon double-dating studies such as those
presented in this thesis. Specific questions include: (1) are there differential exhumation patterns
across Newfoundland and Portugal, respectively, and if so, what are their spatial relationships to
Mesozoic fault systems and Paleozoic suture zones?; (2) do exhumation histories across fault
transects indicate fault reactivation and tectonic exhumation in the Mesozoic?; (3) do basement
rocks yield cooling ages that correspond to the timing of Triassic to Cretaceous stretching and
thinning, mantle exhumation, breakup, or post-breakup seafloor spreading?; (4) are there
predictable exhumation patterns between the conjugate margins? If so, what are their spatial
relationships to fault systems and the rift axis?; and (5) what predictions can be made about the

evolution of other modern magma-poor rift margins?
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APPENDIX A: U-PB AND FISSION-TRACK DATA TABLES

A.1 Detrital zircon U-Pb isotopic ratios and ages
20EJ01 - West Bonne Bay F-12 — Hibernia Formation (Upper) — Core # 1, boxes 110-113

Isotopic ratios®

Isotopic ages

potName U B MUL s RN B M B VN Ze TP Bae TR Bww G % (D O

Pb (%) Pb (%) Pb (%) U (%) Pb  (Ma) Pb  (Ma) UM T cone® R (Ma)
J01_1_Grain01 0.0630 5.9 9.9 3.7 0.9 6.9 0.1 37 708 129 641 34 622 24 2997 1217 622 24
J01_1 2 Grain0l  0.0521 7.1 21.6 4.0 03 8.1 0.0 40 NA NA 291 21 291 12 9887  NA 291 12
J01 1 t2 Grain02  0.0623 4.7 10.5 32 0.8 57 0.1 32 684 105 607 27 587 20 1437 1426 587 20
JO1_1 t2_Grain03  0.0587 6.8 104 4.0 0.8 7.8 0.1 40 556 152 584 35 591 24 7106  -628 591 24
JO1_1 t2 Grain04  0.0574 5.4 9.6 35 0.8 6.4 0.1 35 507 123 612 30 641 23 788  -2639 641 23
J01 1 t2 Grain05  0.0485 6.4 225 37 03 7.4 0.0 37 NA NA 265 18 281 11 921 NA 281 11
J01_1 2 Grain06  0.0588 4.1 11.3 2.9 0.7 5.1 0.1 29 560 97 549 22 546 17 8373 244 546 17
J01_1 2 Grain07  0.0597 5.5 10.2 35 0.8 6.5 0.1 35 593 123 601 30 603 2 89.42  -1.68 603 22
J01_1 2 Grain08  0.0589 5.1 116 3.5 0.7 62 0.1 35 563 117 540 27 534 19 7160 5.18 s34 19
J01_1 2 Grain09  0.0588 6.0 10.6 3.7 0.8 7.1 0.1 37 560 136 578 32 582 22 81.69  -400 582 22
J01_1 2 Grainl0 00582 5.8 10.5 3.6 0.8 6.8 0.1 36 537 132 576 31 586 21 5712 910 58 21
JO1_1 2 Grainll  0.0582 4.8 11.5 32 0.7 5.8 0.1 32 537 111 538 25 538 18 9891  -020 538 18
JO1_1 2 Grainl2  0.0571 5.4 10.3 3.4 0.8 6.4 0.1 34 495 125 576 29 597 21 1990 2047 597 21
J01 1 t3 Grain0l  0.0545 4.4 157 3.1 0.5 53 0.1 31 NA NA 397 18 397 13 9307  NA 397 13
JO1_1 13 Grain02  0.0617 3.8 7.7 27 1.1 47 0.1 27 664 87 755 26 786 23 445  -1836 78 23
J01_1 3 Grain03  0.0588 9.7 11.1 49 0.7 10.8 0.1 49 560 214 557 47 557 27 9830  0.53 557 27
J01_1 3 Grain04  0.0595 4.3 12.5 3.1 0.7 5.3 0.1 3.1 NA NA 511 22 494 16 6.37 NA 494 16
J01_1 3 Grain05  0.0770  15.8 6.3 77 1.7 17.6 0.2 77 1121 320 1000 112 946 69 4117 1566 946 69
J01 1 t3 Grain06  0.0517 7.9 14.6 44 0.5 9.1 0.1 44 NA NA 403 31 426 19 1404  NA 426 19
JO1_1 3 Grain07  0.0589 5.8 10.8 3.6 0.8 6.9 0.1 36 563 132 570 31 572 21 92.15  -1.54 572 21
JO1_1 13 Grain08  0.0863 2.4 44 23 27 33 0.2 23 1345 56 1336 27 1331 32 7248 105 1331 32



JO1_1 t3_Grain09
JO1_1_t3_Grainl0
JO1 1 t3 Grainll
JO1_1_t3_Grainl2
JO1_1_t3_Grainl3
JO1_1 t3_Grainl4
JO1_1 _t3 Grainl5
JO1_1 t3 Grainl6
JO1_1 t3_Grainl7
JO1_1_t3_Grainl8
JO1 1 t3 Grainl9
JO1_1_t3_Grain20
JO1_1_t3_Grain22
JO1_1 t3 Grain23
JO1_1_t3_Grain24
JO1_1 t3 Grain25
JO1_1 t3 Grain27
JO1_1_t3_Grain28
JO1 1 t3 Grain29
JO1_1_t3_Grain30
JO1_1_t3_Grain31
JO1 1 t3 Grain32
JO1_1_t3_Grain34
JO1_1_t3_Grain35
JO1_1 t3_Grain36
JO1_1_t3_Grain38
JO1_1_t3_Grain39
JO1_1_t3_Grain40
JO1_1_t3_Graindl

0.0519
0.0554
0.0604
0.0488
0.0500
0.0625
0.0634
0.1107
0.0532
0.0542
0.0659
0.0594
0.0616
0.0520
0.0579
0.0594
0.0600
0.0611
0.0612
0.0604
0.0633
0.0596
0.0615
0.0529
0.0595
0.0582
0.0548
0.0571
0.0577

49
46
3.6
7.9
9.1
3.9
5.9
35
5.9
48
6.5
3.6
5.1
5.9
6.9
9.5
62
5.0
7.7
55
5.9
8.3
52
6.6
44
3.6
6.8
62
9.9

14.9
21.5
10.4
21.1
15.8
9.3
10.6
33
224
21.6
10.2
10.3
9.7
222
10.3
10.5
9.9
10.6
10.0
11.4
10.3
18.7
10.5
222
11.6

21.8
10.7
11.4

3.1
3.1
25
43
4.7
2.8
3.8
3.1
3.5
32
4.1
2.7
3.6
3.5
4.0
5.0
39
32
43
3.6
39
52
3.5
3.1
3.0
2.8
4.1
39
5.2

0.5
0.4
0.8
0.3
0.4
0.9
0.8
4.6
0.3
0.3
0.9
0.8
0.9
0.3
0.8
0.8
0.8
0.8
0.8
0.7
0.8
0.4
0.8
0.3
0.7
0.7
0.3
0.7
0.7

5.8
5.6
4.4
9.0
10.2
4.8
7.1
4.7
6.9
5.8
7.7
4.5
6.2
6.9
8.0
10.7
7.3
59
8.9
6.6
7.1
9.8
6.3
73
5.4
4.6
7.9
7.3
11.2

0.1
0.0
0.1
0.0
0.1
0.1
0.1
0.3
0.0
0.0
0.1
0.1
0.1
0.0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
0.1
0.1
0.0
0.1
0.1

3.1
3.1
2.5
43
4.7
2.8
3.8
3.1
35
32
4.1
2.7
3.6
3.5
4.0
5.0
39
32
43
3.6
39
52
35
3.1
3.0
2.8
4.1
39
52

NA
NA
618
NA
NA
691

722
1811
NA
NA
803

582
660
NA
526
582
604
643
646
618
718
NA
657
NA
585
537
NA
495
518

NA
NA
84
NA
NA
89
130
70
NA
NA
140
86
114
NA
155
209
139
112
170
124
131
NA
116
NA
102
86
NA
141
221

399
309
597
281
368
664
609
1744
288
301
647
594
639
284
581
585
617
592
620
556
622
369
601
289
542
536
302
558
536

20

21
2
32
24
33
41
18
15
37
21
30
17
36
48
34
27
4
29
34
31
29

23
20
21
32
47

419
293
591
299
396
656
579
1688
282
292
603
597
633
284
595
586
621
579
613
541
596
335
587
284
532
536
289
574
540

14
10
16
13
19
20
23
51
10
10
25
17
23
11
24
29
24
19
26
20
24
17
21

17
16
12
22
28

5.42
772
63.93
15.08
13.05
52.38
8.70
243
50.51
19.20
4.14
80.19
70.27
98.98
49.70
97.35
83.31
34.33
76.89
30.47
15.64
2.78
38.68
69.92
4524
98.03
21.42
35.84
86.95

NA
NA
4.37
NA
NA
5.03
19.75
6.77
NA
NA
24.97
-2.58
4.20
NA
-13.13
-0.76
-2.86
9.99
5.11
12.40
17.00
NA
10.65
NA
9.16
0.24
NA
-15.84
-4.20

419
293

591

299
396
656
579
1811
282
292
603

597
633

284
595

586
621

579
613
541

596
335

587
284
532
536
289
574
540

14
10
16
13
19
20
23
70
10
10
25
17
23
11
24
29
24
19
26
20
24
17
21

17
16
12
22
28
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JO1_1 t3_Grain42
JO1_1_t3_Grain43
JO1 1 t3 Grain44
JO1_1_t3 Grain45
JO1_1_t3_Grain46
JO1_1 t3 Grain47
JO1_1_t3_Grain48
JO1_1 t3 Grain49
JO1_1 t3_Grain50
JO1_1_t3_Grain51
JO1 1 t3 Grain52
JO1_1 t3 Grain53
JO1_1_t3_Grain54
JO1_1 t3_Grain55
JO1_1 t3_Grain56
JO1_1_t3_Grain57
JO1_1 t3 Grain58
JO1_1_t3_Grain60
JO1 1 t3 Grain6l
JO1_1_t3_Grain62
JO1_1_t3_Grain64
JO1_1 t3 Grain66
JO1_1 t3_Grain67
JO1_1_t3_Grain68
JO1_1 t3_Grain70
JO1_1_t3_Grain71
JO1 1 t3 Grain72
JO1_1 t3 Grain73
JO1_1_t3_Grain74

0.0509
0.0631
0.0588
0.0526
0.0590
0.0515
0.0602
0.0573
0.0812
0.0570
0.0595
0.0622
0.0557
0.0516
0.0628
0.1500
0.0609
0.0536
0.0598
0.0666
0.0598
0.0497
0.0605
0.0921
0.0933
0.0551
0.0601
0.0627
0.0623

5.6
6.8
42
5.8
57
44
8.1
53
1.8
54
6.9
54
48
52
5.8
42
38
42
3.1
72
3.0
7.7
6.9
2.9
2.1
48
45
5.7
42

2.3753
9.7
21.3
11.3
9.5
9.7
21.6
10.2
3.8
39
18.7
10.4
10.4
10.6

3.5
4.1
2.8
34
3.7
2.8
4.6
33
1.9
3.5
4.2
3.5
32
32
3.7
4.1
2.7
2.8
2.3
4.1
2.3
43
43
2.6
22
3.0
3.0
3.8
29

0.3
0.9
0.8
0.3
0.8
0.4
0.7
0.7
24
0.7
0.5
0.8
0.5
0.3
0.9
8.7071
0.9
0.3
0.7
1.0
0.8
0.3
0.8
33
33
0.4
0.8
0.8
0.8

6.6
7.9
5.0
6.7
6.8
52
9.3
6.2
2.6
6.5
8.1
6.5
5.7
6.1
6.9
59
4.7
5.0
3.8
8.3
3.8
8.8
8.1
39
3.0
5.7
5.4
6.8
5.1

0.0
0.1
0.1
0.0
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.0
0.1
0.4210
0.1
0.0
0.1
0.1
0.1
0.0
0.1
0.3
0.3
0.1
0.1
0.1
0.1

35
4.1
2.8
3.4
3.7
2.8
4.6
33
1.9
35
4.2
35
32
32
3.7
4.1
2.7
2.8
2.3
4.1
2.3
43
43
2.6
22
3.0
3.0
3.8
2.9

NA
712
560
NA
567
NA
611
503
1226
492
NA
681
NA
NA
701
2346
636
NA
596
825
596
NA
622
1469
1494
NA
607
698
684

NA
148
97
NA
130
NA
178
121
47
125
NA
121
NA
NA
128
77
89
NA
75
154
73
NA
153
63
50
NA
102
126
95

290
647
599
294
585
321
560
545
1238
560
436
603
422
291
637
2308
632
302
556
688
623
279
607
1483
1489
346
595
614
602

38
24
17
31
15
40
27
21
29
29
30
20

33
55
23
14
17
42
19
2
38
32
26
17
25
32
24

297
628
610
292
589
329
547
556
1244
577
408
583
418
294
619
2265
631
295
547
647
630
291
603
1493
1486
336
592
592
580

11
26

10
22
10
25
19
26
21
17
21
14
10
23
82
18

14
27
16
13
26
39
34
11
19
23
18

44.18
35.27
46.68
81.21
75.55
33.05
56.67
47.56
55.37
30.63
6.71
19.21
73.12
74.02
30.76
8.77
92.83
33.73
32.19
12.64
42.58
32.95
86.05
61.37
81.71
23.03
82.64
19.66
11.39

NA
11.68
-8.94
NA
-3.89
NA
10.40
-10.42
-1.46
-17.47
NA
14.44
NA
NA
11.83
3.45
0.77
NA

21.66
-5.68
NA
2.93
-1.60
0.52
NA
2.58
15.26
15.30

297
628
610
292
589
329
547
556
1244
571
408
583
418
294
619
2346
631
295
547
647
630
291
603
1493
1486
336
592
592
580

11
26

10
22
10
25
19
26
21
17
21
14
10
23
77
18

14
27
16
13
26
39
34
11
19
23
18
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JO1_1 t3_Grain76
JO1_1_t3_Grain77
JO1_1_t3_Grain79
JO1_1_t3_Grain80
JO1_1_t3_Grain81
JO1_1 t3 Grain82
JO1_1_t3_Grain83
JO1_1 t3 Grain84
JO1_1 t3_Grain85
JO1_1_t3_Grain86
JO1_1_t3_Grain87
JO1_1_t3_Grain88
JO1_1_t3_Grain89
JO1_1 t3_Grain90
JO1_1_t3_Grain91
JO1 1 t3 Grain92
JO1_1 t3_Grain93
JO1_2 Grain01
JO1 2 Grain02
JO1_2 Grain03
JO1_2 Grain04
JO1_2 Grain05
JO1_2 Grain06
JO1_2 Grain07
JO1_2 Grain08
JO1_2 Grain09
JO1 2 Grainl0
JO1_2 Grainll
JO1_2 Grainl2

0.1117
0.0620
0.0535
0.0618
0.0565
0.0507
0.1164
0.0578
0.0574
0.0639
0.0516
0.0721
0.1336
0.0554
0.0592
0.0651
0.0996
0.0604
0.0633
0.0627
0.0532
0.0601
0.0740
0.0582
0.0498
0.0605
0.0605
0.0578
0.0581

2.4
52
8.4
73
4.0
3.8
2.5
6.6
48
12.2
44
4.4
2.5
4.9
45
8.5
2.9
35
5.0
4.7
5.0
75
43
5.6
72
53
43
4.9
5.6

3.0
10.4
20.9
10.2
10.1
20.9

2.8
11.6
11.4
10.6
20.9

5.8

2.5
14.9
10.3
11.7

35
10.1
10.2

9.0
19.2
10.8

6.2
11.3
22.1
10.5
10.2
10.3
11.4

24
3.5
4.4
44
2.8
2.7
2.6
4.1
3.1
6.4
3.0
33
2.7
3.1
3.0
5.0
2.7
22
2.8
2.7
2.5
3.3
2.8
2.8
3.0
2.8
2.5
2.5
2.9

5.1
0.8
0.4
0.8
0.8
0.3
5.7
0.7
0.7
0.8
0.3
1.7
7.3
0.5
0.8
0.8
3.9
0.8
0.9
1.0
0.4
0.8
1.7
0.7
0.3
0.8
0.8
0.8
0.7

34
6.3
9.5
8.5
4.9
4.7
3.6
7.8
5.7

53
5.5
3.7
5.8
5.4
9.8
39
4.1
5.8
5.4
5.6
8.2
5.1
6.2
7.8
6.0
5.0
5.5
6.3

0.3
0.1
0.0
0.1
0.1
0.0
0.4
0.1
0.1
0.1
0.0
0.2
0.4
0.1
0.1
0.1
0.3
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.0
0.1
0.1
0.1
0.1

2.4
35
4.4
44
2.8
2.7
2.6
4.1
3.1
6.4
3.0
33
2.7
3.1
3.0
5.0
2.7
22
2.8
2.7
2.5
33
2.8
2.8
3.0
2.8
2.5
2.5
29

1827
674
NA
667
472
NA
1902
522
507
738
NA
989
2146
NA
574
778
1617
618
718
698
NA
607
1041
537
NA
622
622
522
534

52
117
NA
161

96
NA

53
150
112
262
NA

95

51
NA
103
182

61

82
112
105
NA
166

92
127
NA
120

99
112
127

1837
607
307
617
579
293
1929
530
535
614
298
1013
2150
421
594
579
1617
609
629
682
329
577
991
544
275
594
609
581
539

31
29
25
40
22
12
33
33
25
64

36
35
21
25
44
34
20
28
28
16
37
34
27

28
24
25
27

1846
589
301
604
606
301
1954
532
542
580
302
1024
2154
420
599
529
1616
607
604
677
328
570
968
545
286
587
606
596
541

44
21

26
18

49
22
18
36

34
55
14
19
26
43
15
18
19

20
28
16

17
17
16
17

59.83
27.96
65.57
54.96
2.17
17.83
21.18
91.63
61.40
40.44
58.70
59.49
84.05
91.89
71.95
5.8
99.80
83

78
90
70
22
91
29
63
80
20
93

-1.03
12.60
NA
9.49
2841
NA
2.76
-1.85
-6.90
21.40
NA
-3.59
-0.39
NA
-4.30
31.91
0.01
98
84

NA
94

102
NA
94
97
114
101

1827
589
301
604
606

1902
532
542
580
302
1024
2146
420
599
529
1617
607
604
677
328
570
968
545
286
587
606
596
541

52
21

26
18

53
22
18
36

34
51
14
19
26
61
15
18
19

20
28
16

17
17
16
17
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J01_2_Grain13 00495 7.1 215 29 03 7.6 0.0 29 NA  NA 281 19 294 9 20 NA 294 9
J01_2_Grainl4 0.0729 3.7 6.0 2.4 1.7 44 0.2 24 1011 82 994 29 987 26 61 2 987 26
J01_2_Grainl5 0.0628 5.6 9.8 2.8 0.9 6.2 0.1 28 701 123 644 30 627 18 30 11 627 18
J01_2_Grainl6 00614 52 102 28 0.8 5.9 0.1 28 653 116 616 28 606 18 47 93 606 18
JO1_2_Grainl? 0.0562 5.1 9.9 2.6 0.8 5.7 0.1 26 460 118 587 26 620 18 2 35 620 18
J01_2_Grainl8 00722 47 55 27 18 54 02 27 992 101 1052 37 1081 30 15 -9 1081 30
Rejected Analyses
JO1_1_t3_Grain37 ~ 0.0530 9.1 96061 50 07607 104 01041 50 329 211 574 46 638 31 079  -94.16

20EJ02 - West Bonne Bay F-12 — Hibernia Formation (Upper) — Core # 1, boxes 92-96

Isotopic ratios® Isotopic ages

Spot Name URb 26 BUL 2 RO 2 P 25 RO s PO 2sea P 2w lon % . U 2

Pb (%) Pb (%) Pb (%) U (%) Pb  (Ma) Pb  (Ma) U ) o cone® R (Ma)
J02_1_Grain01 0.0601 42 96805 29 0850 51 01033 29 607 96 628 25 634 20 6594 437 634 20
J02_1_Grain02 0.1135 22 30488 21 51330 3.1 03280 2.1 1856 48 1842 28 1829 40 5094 148 1856 48
J02_1 2 Grain01 00541 63 221239 38 03372 74 00452 38 NA  NA 295 19 285 11 3283 NA 285 11
J02_1_2_Grain02 ~ 0.0601 47 112994 32 07334 56 00885 32 607 106 559 25 547 18 4271 997 547 18
J02_1_t2_Grain03 ~ 0.0635 45 112108 3.1 07810 55 00892 31 725 101 586 25 551 18 118 2403 551 18
J02_1_t2_Grain04 00615 3.3 106157 24 07988 41 00942 24 657 78 596 19 580 16 946 1164 580 16
J02_1_t2_Grain05  0.0566 5.0 102459 32 07617 59 00976 32 476 115 575 27 600 20 1049 2612 600 20
J02_1_t2_Grain06  0.0502 48 187441 3.0 03693 57 00534 30 NA NA 319 16 335 11 687 NA 335 11
J02_1_t2_Grain07 ~ 0.0612 40 101317 29 08329 49 00987 29 646 92 615 24 607 19 4563 611 607 19
J02_1_t2_Grain08  0.0597 45 103627 3.0 07943 54 00965 3.0 593 103 594 25 594 19 9881 -0.19 59 19
J02_1 2 Grain09 00577 3.9 111982 27 07104 48 00893 27 518 92 545 21 551 16 5771 -637 551 16
J02_1_t3_Grain01  0.0580 4.6 109529 3.0 07301 55 00913 30 530 106 557 24 563 18 6449 632 563 18
J02_1_13_Grain03  0.0623 6.6 104384 40 08229 7.7 00958 40 684 145 610 36 590 24 3474 1383 590 24
J02_1_3_Grain0S ~ 0.0598 3.5 103093 26 07998 44 00970 2.6 596 83 597 21 597 17 9930 -0.08 597 17
J02_1_3_Grain06  0.0572 54 145560 32 05418 63 00687 32 NA  NA 440 23 428 15 2627 NA 428 15
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J02_1 t3_Grain07

J02_1_t3_Grain08

J02_1_t3_Grain09

J02_1_t3_Grainl0

J02_1_t3_Grainl01
J02_1 t3_Grainl02
J02_1_t3_Grainl04
J02_1 t3_Grainl05
J02_1 t3_Grainl06
J02_1_t3_Grainl07
J02_1 t3 Grainl08
J02_1_t3_Grainl09
J02_1_t3_Grainll

J02_1 t3_Grainll0
J02_1_t3_Grainlll
J02 1 t3 Grainll2
J02_1 t3_Grainl14
J02_1_t3_Grainll5
JO2 1 t3 Grainll6
J02_1_t3_Grainll7
J02_1_t3_Grainl18
JO2_1 t3 Grainll9
J02_1_t3_Grainl2

J02 1 t3 Grainl20
J02_1 t3_Grainl21
J02_1_t3_Grainl22
J02 1 t3 Grainl23
J02_1_t3_Grainl24
J02_1_t3_Grainl25

0.0557
0.0589
0.0598
0.0618
0.0600
0.0913
0.0531
0.0539
0.0579
0.0539
0.0600
0.0514
0.0764
0.0509
0.0709
0.0578
0.0585
0.1007
0.0558
0.0614
0.0588
0.0614
0.0549
0.0606
0.0589
0.0561
0.0616
0.0616
0.0585

6.9
6.4
33
5.7
8.9
33
59
6.3
52
9.1
6.5
6.2
4.8
5.7
4.5
6.1
32
2.3
7.1
4.6
8.0
8.2
6.8
5.6
5.0
5.5
7.0
8.2
6.8

15.3610
13.1926
9.8619
10.0604
9.7561
3.8344
15.4560
21.0970
11.2108
10.1937
10.9170
21.1864
5.4585
21.5983
6.2775
11.2740
10.3306
3.5186
11.0742
10.2881
9.7371
8.1967
10.8932
10.0200
11.4155
14.8148
10.3627
10.8814
10.4275

3.9
38
25
3.6
49
27
3.6
3.8
32
5.1
3.9
3.6
36
3.3
32
3.7
24
2.0
4.0
3.1
44
4.7
4.0
3.7
34
3.3
42
47
4.1

0.5000
0.6156
0.8361
0.8470
0.8480
3.2831
0.4737
0.3523
0.7121
0.7291
0.7578
0.3345
1.9298
0.3249
1.5573
0.7069
0.7808
3.9460
0.6947
0.8229
0.8326
1.0328
0.6949
0.8339
0.7114
0.5221
0.8196
0.7805
0.7735

79
7.5
4.2
6.7
10.2
43
6.9
7.4
6.1
10.4
7.6
72
6.0
6.6
5.5
7.1
4.0
3.0
8.2
5.6
9.1
9.5
7.9
6.7
6.0
6.5
8.1
9.4
7.9

0.0651
0.0758
0.1014
0.0994
0.1025
0.2608
0.0647
0.0474
0.0892
0.0981
0.0916
0.0472
0.1832
0.0463
0.1593
0.0887
0.0968
0.2842
0.0903
0.0972
0.1027
0.1220
0.0918
0.0998
0.0876
0.0675
0.0965
0.0919
0.0959

3.9
3.8
25
3.6
49
27
3.6
3.8
32
5.1
3.9
3.6
3.6
3.3
32
3.7
24
2.0
4.0
3.1
44
4.7
4.0
3.7
34
33
42
47
4.1

NA
NA
596
667
604
1453
NA
NA
526
367
604
NA
1106
NA
955
522
549
1637
444
653
560
653
408
625
563
NA
660
660
549

NA
NA
80
126
197
69
NA
NA
118
210
145
NA
102
NA
97
139
77
51
162
105
178
180
158
125
114
NA
154
179
153

412
487
617
623
624
1477
394
306
546
556
573
293
1091
286
953
543
586
1623
536
610
615
720
536
616
546
427
608
586
582

27
29
20
32
48
35
23
20
26
45
34

41
17
35
31
19
27
34
26
42
49
34
31
26
23
38
42
36

407
471
623
611
629
1494
404
299
551
603
565
297
1084
292
953
548
596
1612
557
598
630
742
566
613
541
421
594
567
590

16
18
17
22
30
41
15
12
18
30
23
11
38
10
30
21
16
35
23
20
27
34
23
23
19
15
25
27
24

73.36
26.73
59.92
48.66
82.24
39.44
43.40
48.93
68.73
5.71
67.31
62.86
77.85
48.70
97.90
78.03
31.77
55.19
23.05
40.56
46.56
48.12
8.31
87.53
75.91
69.15
48.70
41.75
67.90

NA
NA
-4.40
8.44
-4.22
-2.83
NA
NA
-4.72
-64.43
6.39
NA
1.91
NA
0.17
-4.91
-8.58

-25.40
8.46
-12.60
-13.59
-38.72
1.89
3.92
NA
10.05
14.16
-7.62

407
471
623
611
629
1494
404
299
551
603
565
297
1084
292
953
548
596
1637
557
598
630
742
566
613
541
421
594
567
590
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J02_1 t3_Grainl26
J02_1_t3_Grainl27
J02 1 t3 Grainl28
J02_1_t3_Grainl29
J02_1_t3_Grainl3

J02_1 t3_Grainl30
J02_1_t3_Grainl31
JO2 1 t3 Grainl32
JO2_1 t3_ Grainl33
J02_1_t3_Grainl34
J02_1 t3 Grainl35
J02_1_t3_Grainl36
J02_1_t3_Grainl37
J02_1 t3_Grainl138
J02_1_t3_Grainl39
J02 1 t3 Grainl4

J02_1 t3_Grainl40
J02_1_t3_Grainl41
J02_1 t3 Grainl42
J02_1_t3_Grainl43
J02_1_t3_Grainl44
JO2_1 t3 Grainl45
J02_1_t3_Grainl46
J02 1 t3 Grainl47
J02_1 t3_Grainl48
J02_1_t3_Grainl49
J02_1 t3_Grainl5

J02_1_t3_Grainl50
J02_1_t3_Grainl52

0.0725
0.0592
0.1240
0.0871
0.0616
0.1345
0.0579
0.0528
0.0990
0.0564
0.0567
0.0592
0.0564
0.0598
0.0578
0.0616
0.0586
0.0605
0.1290
0.0516
0.0586
0.0595
0.0510
0.0609
0.0683
0.0719
0.0640
0.0609
0.0585

62
6.0
1.5
3.1
53
1.8
5.1
62
33
7.7
6.2
43

11.9
46
44

12.6
3.9
4.0
1.9
6.1
9.5
48
5.9
55
6.4
8.7
73
4.1
77

6.4185
9.7276
2.7226
4.4228
11.5207
2.5873
10.5374
21.5517
3.5958
11.2994
9.8912
9.9010
11.2613
10.7527
11.4416
11.2994
11.4548
9.9602
2.5720
14.3266
21.5983
10.4493
21.4638
10.0301
7.3584
7.4349
9.7276
9.7847
12.1065

38
37
1.7
27
32
2.0
34
3.7
2.8
43
3.8
2.9
6.1
3.0
2.9
6.5
27
27
2.1
3.7
48
3.0
33
35
4.1
45
43
2.9
44

1.5574
0.8391
6.2798
2.7153
0.7372
7.1676
0.7576
0.3378
3.7961
0.6882
0.7904
0.8244
0.6905
0.7668
0.6965
0.7517
0.7054
0.8375
6.9154
0.4966
0.3741
0.7851
0.3276
0.8372
1.2798
1.3334
0.9071
0.8582
0.6662

7.3
7.0
2.3
4.1
6.2
2.7
6.1
7.3
43
8.8
7.2
5.2
13.4
5.5
53
14.2
4.8
4.8
29
7.1
10.7
5.7
6.8
6.5
7.6
9.8
8.5
5.0
8.9

0.1558
0.1028
0.3673
0.2261
0.0868
0.3865
0.0949
0.0464
0.2781
0.0885
0.1011
0.1010
0.0888
0.0930
0.0874
0.0885
0.0873
0.1004
0.3888
0.0698
0.0463
0.0957
0.0466
0.0997
0.1359
0.1345
0.1028
0.1022
0.0826

3.8
3.7
1.7
27
32
2.0
34
37
2.8
43
3.8
29
6.1
3.0
29
6.5
27
2.7
2.1
37
48
3.0
3.3
35
4.1
45
43
29
44

1000
574
2015
1363
660
2158
526
NA
1605
468
480
574
468
596
522
660
552
622
2084
NA
NA
585
NA
636
878
983
742
636
549

129
135
38
66
118
41
117
NA
67
174
141
99
268
105
103
275
92
93
44
NA
NA
109
NA
124
136
180
158
95
172

953
619
2016
1333
561
2132
573
295
1592
532

611
533
578
537
569
542
618
2101
409
323
588
288
618
837
860
656
629
518

46
33
23
32
27
27
27
19
36
37
33
25
56
25
23
62
21
23
28
24
30
26

31
44
57
41
24
36

933
631
2017
1314
537
2107
584
292
1582
547
621
620
548
573
540
547
540
617
2117
435
292
589
294
613
821
813
631
627
512

35
24
38
36
18
43
20

44
23
24
19
33
18
17
35
16
18
45

14
19
10
22
33
36
27
19
23

45.12
52.44
93.55
30.51
13.44
13.11
45.84
74.78
58.88
50.05
10.91
49.01
60.83
73.99
75.62
52.82
84.13
94.01
37.85
5.87
7.31
96.19
55.11
76.06
54.05
18.17
32.77
88.75
72.68

6.66
9.81
-0.11
3.57
18.73
236
-11.12
NA
147
-16.77
-29.38
-7.97
-17.15
3.87
-3.44
17.20
230
0.76
-1.58
NA
NA
-0.64
NA
3.63
6.41
17.25
14.94
1.32
6.73

933
631
2015
1314
537
2158
584
292
1605
547
621
620
548
573
540
547
540
617
2084
435
292
589
294
613
821
813
631
627
512
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J02_1 t3_Grainl53
J02_1_t3_Grainl54
J02_1_t3_Grainl55
J02_1_t3_Grainl56
J02_1_t3_Grainl58
J02_1 t3_Grainl59
J02_1_t3_Grainl6
JO2_1 t3 Grainl60
JO2_1 t3 Grainl61
J02_1_t3_Grainl62
JO2_1 t3 Grainl63
J02_1_t3_Grainl64
J02_1_t3_Grainl65
J02_1 t3_Grainl66
J02 1 t3_Grainl7
J02_1 t3 Grainl8
J02_1 t3_Grainl9
J02_1_t3_Grain20
JO2_1 t3 Grain2l
J02_1_t3_Grain22
J02_1_t3_Grain23
JO2_1 t3_Grain25
J02_1_t3_Grain26
J02 1 t3 Grain29
J02_1 t3_Grain30
J02_1_t3_Grain31
JO2 1 t3 Grain32
J02_1_t3_Grain33
J02_1_t3_Grain34

0.0595
0.0585
0.0586
0.0714
0.1300
0.0595
0.0748
0.0611
0.0541
0.0497
0.1039
0.0650
0.0505
0.0596
0.1149
0.0595
0.0580
0.0601
0.0617
0.0612
0.0638
0.0530
0.0831
0.0531
0.0576
0.0812
0.0593
0.0583
0.0651

8.2
4.0
6.0
4.2
32
4.0
3.0
6.5
8.6
6.4
29
5.5
6.8
5.7
4.9
5.8
5.7
6.9
5.7
49
6.8
5.4
2.9
5.0
59
3.8
4.8
5.3
7.4

9.9108
10.9051
11.3766
5.4083
2.6511
10.2775
5.5340
10.7296
15.2207
21.9298
3.3647
8.1169
21.7391
10.2145
3.2103
9.9404
10.9170
10.2564
11.4679
9.0744
10.5597
14.8368
4.5208
21.5378
19.7628
5.2938
10.2459
10.0200
9.8232

4.5
2.8
3.4
3.1
3.2
2.7
25
3.8
4.8
3.6
25
35
4.0
32
4.1
3.8
3.5
43
3.7
33
4.5
34
2.4
3.1
3.6
3.1
33
32
4.2

0.8278
0.7397
0.7102
1.8203
6.7611
0.7982
1.8636
0.7852
0.4901
0.3125
4.2576
1.1041
0.3203
0.8045
4.9349
0.8253
0.7325
0.8079
0.7418
0.9299
0.8331
0.4925
2.5345
0.3399
0.4019
2.1149
0.7980
0.8022
0.9138

9.4
4.9
6.9
52
45
48
3.9
75
9.8
74
38
6.5
7.9
6.5
6.4
6.9
6.7
8.1
6.8
5.9
8.2
6.4
37
5.9
6.9
48
5.8
6.2
8.5

0.1009
0.0917
0.0879
0.1849
0.3772
0.0973
0.1807
0.0932
0.0657
0.0456
0.2972
0.1232
0.0460
0.0979
0.3115
0.1006
0.0916
0.0975
0.0872
0.1102
0.0947
0.0674
0.2212
0.0464
0.0506
0.1889
0.0976
0.0998
0.1018

4.5
2.8
3.4
3.1
32
2.7
25
3.8
4.8
3.6
2.5
3.5
4.0
32
4.1
3.8
35
43
3.7
33
4.5
3.4
2.4
3.1
3.6
3.1
33
32
4.2

585
549
552
969
2098
585
1063
643
NA
NA
1695
774
NA
589
1878
585
530
607
664
646
735
NA
1272
NA
NA
1226
578
541
778

183
94
135
91
63
93
67
144
NA
NA
60
120
NA
128
93
130
129
153
127
111
149
NA
64
NA
NA
80
110
120
159

612
562
545
1053
2081
596
1068
588
405
276
1685
755
282
599
1808
611
558
601
563
668
615
407
1282
297
343
1154
596
598
659

44
22
30
35
42
2
27
34
33
18
33
36
20
30
55
32
29
37
30
30
38
2
29

21
35
27
28
42

620
566
543
1094
2063
599
1071
574
410
287
1677
749
290
602
1748
618
565
600
539
674
583
420
1288
293
318
1115
600
613
625

28
17
19
34
61
17
28
2
20
11
43
27
12
20
67
24
20
26
21
23
26
15
32
10
12
34
20
20
26

76.48
79.07
91.66
3.66
58.02
83.13
88.52
50.13
77.83
27.15
74.99
75.58
50.02
88.52
9.66
68.96
68.17
93.65
14.47
69.94
9.09
19.21
70.42
60.96
2.10
7.59
71.43
39.30
10.70

-5.85
-3.11
1.66
-12.88
1.66
-2.24
-0.72
10.63
NA
NA
1.03
3.28
NA
-2.21
6.93
-5.55
-6.65
1.22
18.80
-4.28
20.64
NA
-1.31
NA
NA
9.04
-3.84
-13.34
19.63

620
566
543
1094
2098
599
1071
574
410
287
1695
749
290
602
1878
618
565
600
539
674
583
420
1288
293
318
1115
600
613
625
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J02_1 t3_Grain35
J02_1_t3_Grain36
J02_1_t3_Grain37
J02_1_t3_Grain38
J02_1_t3_Grain39
J02_1 t3_Grain4l
J02_1_t3_Grain42
JO2_1 t3 Grain43
J02_1 t3_Grain44
J02_1_t3_Grain45
JO2_1 t3 Grain46
J02 1 t3 Grain47
J02_1_t3_Grain48
J02_1 t3_Grain49
J02 1 _t3 Grain50
J02 1 t3 Grain51
J02_1 t3_Grain52
J02_1_t3_Grain53
J02 1 t3 Grain54
J02_1 _t3 Grain55
J02_1_t3_Grain56
J02_1 t3 Grain57
J02 1 t3_Grain58
J02_1_t3_Grain59
J02_1 t3_Grain60
J02_1_t3_Grain61
J02 1 t3 Grain62
J02_1_t3_Grain64
J02_1_t3_Grain65

0.0592
0.0521
0.0599
0.0618
0.0591
0.0594
0.0605
0.0632
0.1299
0.0669
0.0609
0.0559
0.0593
0.0599
0.0591
0.0513
0.0609
0.1129
0.0607
0.0609
0.0771
0.1104
0.1895
0.0600
0.0580
0.0524
0.0985
0.0695
0.0528

7.1
7.1
73
10.6
5.1
5.0
6.4
6.0

4.0
5.6
10.3
52
54
8.1
54
6.0
3.0
54
7.5
44
2.1
29
78
6.7
6.8
23
2.9
4.0

10.2775
15.0602
9.8912
10.3842
11.1483
10.2249
10.0908
10.2459
2.6774
6.7843
10.6496
10.2145
9.9305
10.3306
9.5785
21.2766
10.9051
3.1046
10.4384
9.2251
5.5772
3.0798
1.8868
10.0503
11.0011
18.6567
3.6179
6.4767
21.4592

4.2
4.0
43
5.7
32
33
39
39
1.9
29
3.6
5.4
3.4
3.5
4.6
3.6
3.7
2.7
34
4.5
32
2.3
3.1
4.4
39
3.6
22
24
2.9

0.7942
0.4770
0.8350
0.8206
0.7309
0.8010
0.8267
0.8505
6.6896
1.3596
0.7885
0.7546
0.8234
0.7995
0.8507
0.3324
0.7700
5.0140
0.8018
0.9102
1.9061
4.9426
13.8480
0.8231
0.7269
0.3873
3.7538
1.4796
0.3393

8.3
8.1
8.5
12.0
6.1
6.0
7.5
7.1
24
4.9
6.6
11.7
6.2
6.4
9.3
6.5
7.1
4.1
6.4
8.8
5.5
3.1
42
8.9
7.8
7.7
32
3.8
5.0

0.0973
0.0664
0.1011
0.0963
0.0897
0.0978
0.0991
0.0976
0.3735
0.1474
0.0939
0.0979
0.1007
0.0968
0.1044
0.0470
0.0917
0.3221
0.0958
0.1084
0.1793
0.3247
0.5300
0.0995
0.0909
0.0536
0.2764
0.1544
0.0466

42
4.0
4.3
5.7
32
33
39
39
1.9
29
3.6
5.4
3.4
3.5
4.6
3.6
3.7
2.7
34
4.5
32
2.3
3.1
4.4
39
3.6
22
2.4
29

574
NA
600
667
571
582
622
715
2097
835
636
448
578
600
571
NA
636
1847
629
636
1124
1806
2738
604
530
NA
1596
914
NA

159
NA
162
230
117
115
142
131
38
89
124
234
118
121
181
NA
134
62
121
166
94
48
53
172
151
NA
52
69
NA

594
396
616
608
557
597
612
625
2071
872
590
571
610
597
625
291
580
1822
598
657
1083
1810
2739
610
555
332
1583
922
297

38
27
40
55
27
28
35
34
24
30
30
51
29
30
44
17
32
37
29
43
38
29
42
41
34
22
28
25
13

599
414
621
593
554
602
609
600
2046
886
579
602
619
596
640
296
566
1800
590
663
1063
1813
2741
611
561
337
1573
926
294

25
17
27
33
19
20
24
23
40
26
21
32
22
21
29
11
2
48
21
30
34
42
76
27
2
13
36
24

81.13
24.63
83.84
60.48
81.40
77.93
88.62
20.93
8.67
42.13
47.54
26.22
57.70
95.33
58.68
54.89
42.05
41.07
62.47
79.00
32.12
82.52
94.89
94.58
72.19
73.26
58.20
71.76
63.07

-4.20
NA
-3.48
11.17
2.98
-3.39
1.99
16.03
2.42
-6.20
8.99
-34.28
-6.98
0.72
-12.15
NA
11.03
2.53
6.18
-4.36
5.40
-0.37
-0.13
-1.31
-5.87
NA
1.42
-1.31
NA

599
414
621
593
554
602
609
600
2097
886
579
602
619
596
640
296
566
1847
590
663
1063
1806
2738
611
561
337
1596
926
294

25

27
33

20
24
23
38
26
21
32
22
21
29

2
62
21
30
34
48
53
27
22

52
24
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J02_1 t3_Grain66
J02_1_t3_Grain67
J02_1_t3_Grain68
J02_1_t3_Grain69
J02_1_t3_Grain70
J02_1 t3_Grain71
J02_1 _t3 Grain72
J02_1_t3_Grain73
JO2_1 t3 Grain75
J02_1_t3_Grain76
J02_1_t3_Grain77
J02 1 t3 Grain78
J02_1_t3_Grain79
J02_1 t3_Grain80
J02_1_t3_Grain81
JO2 1 t3 Grain82
J02_1 t3 Grain83
J02_1_t3_Grain84
J02_1_t3_Grain85
J02_1_t3_Grain86
J02_1_t3_Grain87
J02_1 t3 Grain88
J02_1_t3_Grain89
J02_1_t3_Grain90
J02_1 t3_Grain9l
J02_1_t3_Grain93
J02_1 t3 Grain9%4
J02_1_t3_Grain96
J02_1_t3_Grain97

0.0582
0.0610
0.0767
0.0543
0.0649
0.1270
0.0560
0.0553
0.1371
0.0711
0.0621
0.0515
0.0592
0.0641
0.0614
0.0617
0.0605
0.0550
0.0532
0.0574
0.0597
0.0612
0.0725
0.0590
0.0820
0.0618
0.0598
0.0605
0.0576

45
5.9
6.1
9.7
74
22
63
6.1
3.1
3.4
6.1
6.7
4.0
55
44
8.1
3.5
48
5.7
6.1
3.7
55
49
8.8
3.0
55
36
44
8.6

11.0497
9.9701
5.5679
15.9236
10.1833
2.6911
16.4745
11.4548
2.5336
5.6625
9.9502
20.2840
10.5263
10.0806
10.4712
10.2669
9.8912
22.1729
21.2495
10.5485
9.8522
10.6724
5.8106
9.3110
4.9727
9.7943
9.7371
9.9404
16.0514

3.0
3.6
4.1
53
4.5
24
3.6
3.7
3.0
2.7
39
3.7
29
3.7
29
4.7
2.6
32
35
3.8
2.7
35
3.6
4.7
2.5
3.7
2.7
3.0
4.8

0.7262
0.8436
1.8993
0.4702
0.8787
6.5070
0.4687
0.6656
7.4612
1.7313
0.8605
0.3501
0.7754
0.8767
0.8085
0.8286
0.8433
0.3420
0.3452
0.7503
0.8355
0.7907
1.7204
0.8737
2.2737
0.8700
0.8468
0.8392
0.4948

5.4
7.0
7.3

8.7
33
7.2
72
43
43
7.2
7.7
49
6.6
5.3
9.3
43
5.7
6.7
72
4.6
6.5
6.1
10.0
3.9
6.6
4.5
53
9.9

0.0905
0.1003
0.1796
0.0628
0.0982
0.3716
0.0607
0.0873
0.3947
0.1766
0.1005
0.0493
0.0950
0.0992
0.0955
0.0974
0.1011
0.0451
0.0471
0.0948
0.1015
0.0937
0.1721
0.1074
0.2011
0.1021
0.1027
0.1006
0.0623

3.0
3.6
4.1
53
4.5
24
3.6
3.7
3.0
2.7
3.9
3.7
2.9
3.7
2.9
4.7
2.6
32
35
3.8
2.7
3.5
3.6
4.7
2.5
3.7
2.7
3.0
4.8

537
639
1113
NA
771
2057
NA
424
2191
960
678
NA
574
745
653
664
622
NA
NA
507
593
646
1000
567
1246
667
596
622
NA

103
132
126
NA
160
48
NA
142
60
76
134
NA
94
120
101
177
82
NA
NA
138
38
123
105
196
65
123
85
100
NA

554
621
1081
391
640
2047
390
518
2168
1020
630
305
583
639
602
613
621
299
301
568
617
592
1016
638
1204
636
623
619
408

24
33
50
36
42
31
24
30
41
29
35
20
23
32
25
43
21
15
18
32
22
30
40
48
29
32
22
25
34

558
616
1065
393
604
2037
380
540
2145
1048
617
310
585
610
588
599
621
284
296
584
623
577
1024
658
1181
627
630
618
390

18
23
4
21
27
49

21
61
29
24
12
18
23
18
28
17
10

23
18
21
37
31
31
23

20
19

75.91
80.06
61.86
93.40
12.73
59.65
44.75
14.54
46.04
12.54
52.58
66.51
85.83
9.25
29.41
62.04
99.03
10.51
60.07
36.75
60.18
38.49
71.11
46.28
14.96
60.31
51.61
95.88
28.36

-3.94
3.61
437
NA
21.69
0.97
NA
-27.14
2.11
-9.17
8.89
NA
-1.84
18.15
9.99
9.73
0.10
NA
NA
-15.18
-5.14
10.66
-2.37
-15.96

6.07

-5.68
0.58
NA

558
616
1065
393
604
2057
380
540
2191
1048
617
310
585
610
588
599
621
284
296
584
623
577
1024
658
1181
627
630
618
390
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J02_1 t3_Grain98
J02_1_t3_Grain99

J02 2 Grain0l
J02_2 Grain02
J02_2 Grain03
J02_2 Grain05
J02_2 Grain06
J02_2 Grain07
J02_2 Grain08
J02_2 Grain09
J02_2 Grainl0
J02 2 Grainll
J02_2 Grainl2
J02_2 Grainl3
J02_2 Grainl4
J02 2 Grainl5
J02_2 Grainl6
J02_2 Grainl?7
J02 2 Grainl8
J02_2 Grainl9

Rejected Analyses
J02_1_t3_Grain04
J02_1_t3_Grainl03
J02 1 t3 Grain24
J02_1 t3_Grain40
J02_1_t3_Grain63
J02 1 t3 Grain92

0.0645
0.0584
0.0563
0.0589
0.0864
0.0533
0.1301
0.1913
0.0626
0.0503
0.0716
0.0604
0.0863
0.0597
0.1048
0.1014
0.0744
0.0856
0.0534
0.0513

0.0665
0.0575
0.1990
0.0889
0.0926
0.1547

9.4
52
7.7
4.0
3.0
6.0
1.7
1.6
4.8
59
53
4.8
2.9
4.8
3.0
24
4.4
2.4
5.8
5.6

1.9
43
11.7
3.8
5.7

1.8

9.5057
9.9206
11.3507
10.3842
4.1580
14.9701
2.6330
1.9150
10.2564
21.6450
5.5249
9.9800
4.2626
11.6009
3.3190
3.4758
6.0753
4.5746
21.9298
21.2314

9.2166
16.6945
9.4251
4.6707
8.5324
2.5381

4.9
33
34
2.4
2.3
2.7
2.0
2.1
2.7
2.8
29
2.7
2.3
2.5
2.4
22
2.6
2.0
2.7
2.8

2.6
34
83
3.1
5.1
22

0.9356
0.8117
0.6839
0.7821
2.8650
0.4909
6.8129
13.7738
0.8416
0.3204
1.7869
0.8345
2.7915
0.7095
4.3537
4.0223
1.6885
2.5800
0.3357
0.3331

0.9948
0.4749
29112
2.6243
1.4964
8.4040

10.6
6.2
8.4
4.7
3.8
6.6
2.6
2.6
5.5
6.6
6.0
5.5
3.7
5.4
38
33
5.1
3.1
6.4
6.3

32
5.5
14.3
49
7.7
2.8

0.1052
0.1008
0.0881
0.0963
0.2405
0.0668
0.3798
0.5222
0.0975
0.0462
0.1810
0.1002
0.2346
0.0862
0.3013
0.2877
0.1646
0.2186
0.0456
0.0471

0.1085
0.0599
0.1061
0.2141
0.1172
0.3940

49
33
3.4
2.4
2.3
2.7
2.0
2.1
2.7
2.8
29
2.7
2.3
2.5
24
22
2.6
2.0
2.7
2.8

2.6
3.4
8.3
3.1
5.1
22

758
545
464
563
1347
NA
2099
2753
695
NA
975
618
1345
593
1711
1650
1052
1329
NA
NA

822
NA
2818
1402
1480
2399

203
119
174
94
65
NA
40
36
108
NA
112
110
63
109
62
54
95
55
NA
NA

51
NA
194
78
113
40

671
603
529
587
1373
406
2087
2734
620
282
1041
616
1353
544
1704
1639
1004
1295
294
292

701
395
1385
1307
929
2276

53
29
35
2
30
23
26
28
26
16
40
26
29
23
34
29
34
25
17
16

18
109
37
47
28

645
619
544
593
1389
417
2075
2709
600
291
1072
616
1359
533
1698
1630
982
1274
287
297

664
375
650
1251
714
2141

31
21
19
16
34
12
43
55
17

31
18
33
15
41
37
26
28

18
13
52
38
36
47

33.70
33.98
36
62
30
37
49
28
15
33
15
97
76
35
79
65
28
14
47
52

0.00
0.92
0.00
0.23
0.00
0.00

14.94
-13.64
-17
-5
-3
NA
1
2
14
NA

NA
NA

19.23
NA
76.93
10.80
51.72
10.72

645
619
544
593
1389
417
2099
2753
600
291
1072
616
1359
533
1711
1650
982
1274
287
297

101



20EJO03 - West Bonne Bay F-12 — Hibernia Formation (Upper) — Core # 1, boxes 24-30

Isotopic ratios® Isotopic ages
Soot Namme MBb s PUL 25 BB 2s, P/ s, BB dsgw VBB dsew BB dsew e % OO ag,
P Pb (%) MPb (%) PP (4) U (k) Pb (Ma) PP (Ma) U (Ma) R conc® R (Ma)
0
JO3_1_Grain01 0.0606 4.1 10.3627 2.7 0.8063 49 0.0965 2.7 625 95 600 23 594 17 64.22 4.99 594 17
J03 1 Grain02 0.1259 1.9 2.7367 2.1 6.3430 2.9 0.3654 2.1 2041 44 2024 28 2008 43 33.65 1.65 2041 44
JO3 1 t2 GrainO1 0.0541 6.6 14.5349 3.8 0.5132 7.7 0.0688 3.8 NA NA 421 27 429 17 52.70 NA 429 17

J03_1_t2_Grain04 0.0727 4.0 59172 3.2 1.6940 5.1 0.1690 32 1006 87 1006 34 1007 32 98.48  -0.10 1007 32
JO3_1 t2 Grain06 0.0603 5.0 10.4384 3.1 0.7965 59 0.0958 3.1 614 112 595 27 590 19 73.51 4.01 590 19
JO3_1 t2 Grain08 0.0766 3.4 5.8005 2.8 1.8208 4.4 0.1724 2.8 1111 74 1053 30 1025 29 12.09 7.69 1025 29
J03_1_t2_Grain09 0.0729 3.0 5.5218 24 1.8203 3.8 0.1811 2.4 1011 68 1053 26 1073 27 25.78  -6.11 1073 27
JO3_1 t3 Grain01 0.0562 6.2 10.4493 3.8 0.7416 7.3 0.0957 3.8 460 143 563 32 589 23 14.85 -28.00 589 23
JO03_1_t3_Grain02 0.0621 5.7 10.1937 3.6 0.8400 6.8 0.0981 3.6 678 127 619 32 603 22 40.60  10.96 603 22
J03_1_t3_Grain03 0.0745 5.6 5.9067 39 1.7391 6.9 0.1693 39 1055 117 1023 45 1008 39 58.51 443 1008 39
JO3_1_t3_Grain04 0.0614 4.7 10.6610 33 0.7941 5.7 0.0938 33 653 107 593 27 578 20 3152 11.53 578 20
J03_1_t3_Grain05 0.1027 2.9 3.4904 2.6 4.0569 39 0.2865 2.6 1673 61 1646 34 1624 43 24.15 2.96 1673 61

JO3_1 t3 Grain06 0.0529 8.2 17.2414 49 0.4230 9.5 0.0580 4.9 NA NA 358 29 363 18 77.04 NA 363 18
JO3_1_t3_Grain07 0.0603 4.6 10.0200 3.0 0.8298 5.5 0.0998 3.0 614 105 613 26 613 19 98.65 0.18 613 19
J03_1_t3_Grain08 0.0599 42 10.7527 2.9 0.7681 5.1 0.0930 29 600 97 579 23 573 18 66.42 4.45 573 18

JO3_1 t3_Grain09 0.0821 39 4.9068 3.0 2.3070 4.9 0.2038 3.0 1248 81 1214 36 1196 36 42.73 4.18 1196 36
J03_1_t3_Grainl0 0.0551 8.0  21.7391 4.1 0.3495 9.0 0.0460 4.1 NA NA 304 24 290 12 21.08 NA 290 12
JO3_1_t3_Grainl00  0.1319 1.5 2.5253 2.0 7.2018 25 0.3960 2.0 2123 38 2137 25 2151 44 3645  -1.28 2123 38
JO3_1 t3_Grainl01  0.1593 1.1 2.1146 1.6 10.3869 1.9 0.4729 1.6 2448 32 2470 22 2496 43 3.68 -1.96 2448 32

JO3_1_t3_Grainl02  0.0603 6.2 11.3895 39 0.7300 7.3 0.0878 39 614 138 557 32 543 21 4481 11.69 543 21
JO3_1 t3_Grainl03 0.0677 4.4 8.3472 33 1.1183 5.5 0.1198 33 859 97 762 30 729 24 2.48 15.12 729 24
JO3_1_t3_Grainl05 0.0528 4.1 21.2404 2.7 0.3427 4.9 0.0471 2.7 NA NA 299 13 297 9 70.78 NA 297 9
J03_1_t3_Grainl06  0.0521 92  21.6920 4.9 0.3312 10.5  0.0461 49 NA NA 290 27 291 14 99.55 NA 291 14
J03_1_t3_Grainl07  0.0587 6.1 9.7847 3.7 0.8272 7.1 0.1022 3.7 556 137 612 33 627 23 45.10 -12.82 627 23
JO3_1_t3_Grainl08 0.0587 4.1 10.5152 2.8 0.7697 5.0 0.0951 2.8 556 97 580 23 586 17 62.66  -5.33 586 17
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JO3_1 t3_Grainl09
JO03_1_t3_Grainll

JO3 1 t3 Grainll0
J03_1_t3_Grainlll
J03_1_t3_Grainl12
JO3_1 t3_Grainll3
J03_1_t3_Grainl15
JO3 1 t3 Grainll6
JO3_1 t3_Grainll?7
JO3_1_t3_Grainl18
JO3 1 t3 Grainl19
J03_1_t3_Grainl2

JO03_1_t3_Grainl20
JO3_1 t3_Grainl21
J03_1_t3_Grainl22
JO3 1 t3 Grainl23
JO3_1 t3_Grainl24
J03_1_t3_Grainl26
JO3 1 t3 Grainl27
J03_1_t3_Grainl28
J03_1_t3_Grainl29
JO3_1 t3_Grainl3

J03_1_t3_Grainl30
JO3 1 t3 Grainl31
JO3_1 t3_Grainl32
J03_1_t3_Grainl33
JO3_1 t3_Grainl34
J03_1_t3_Grainl35
J03_1_t3_Grainl36

0.0626
0.0585
0.0558
0.0565
0.0580
0.0604
0.0669
0.0505
0.0524
0.0545
0.0553
0.0544
0.2041
0.0570
0.0589
0.0524
0.0599
0.0591
0.1103
0.0747
0.0559
0.0756
0.0512
0.0640
0.1673
0.0536
0.0591
0.0598
0.0604

6.6
47
59
6.5

22.0
44
10.1
63
6.3
63
53
6.0
1.8
5.8
3.1
54
6.6
5.0
2.9
6.5
63
42
8.5
4.1
2.0
5.1
63
63
32

10.1420
11.3636
16.3132
15.6006
10.8932
10.5485
9.6061
19.3798
18.4843
21.8341
21.0526
15.1515
1.7665
13.7931
10.3093
21.7817
9.9800
9.8522
3.1476
6.1576
17.3913
5.3533
21.2766
8.3682
2.1142
21.4731
14.0449
10.5263
9.2678

3.8
32

38
9.4
3.0
5.5
3.6
3.5
3.4
3.4
35
2.3
3.8
24
32
4.1
3.1
2.8
42
3.6
3.6
4.7
2.8
2.3
3.1
3.7
3.9
2.4

0.8510
0.7098
0.4716
0.4994
0.7341
0.7895
0.9602
0.3593
0.3909
0.3442
0.3622
0.4950
15.9308
0.5698
0.7877
0.3317
0.8276
0.8271
4.8316
1.6727
0.4432
1.9472
0.3318
1.0545
10.9108
0.3442
0.5802
0.7833
0.8986

7.6
5.7
6.8
7.5
239
53
11.4
7.3
7.2
7.2
6.3
6.9
3.0
6.9
39
6.3
7.7
5.9
4.0
7.7
7.3
5.6
9.7
49
3.1
6.0
7.3
7.4
4.0

0.0986
0.0880
0.0613
0.0641
0.0918
0.0948
0.1041
0.0516
0.0541
0.0458
0.0475
0.0660
0.5661
0.0725
0.0970
0.0459
0.1002
0.1015
0.3177
0.1624
0.0575
0.1868
0.0470
0.1195
0.4730
0.0466
0.0712
0.0950
0.1079

3.8
3.2
3.5
3.8
9.4
3.0
5.5
3.6
3.5
3.4
3.4
3.5
2.3
3.8
24
32
4.1
3.1
2.8
4.2
3.6
3.6
4.7
2.8
2.3
3.1
3.7
39
2.4

695
549
NA
NA
530
618
835
NA
NA
NA
NA
NA
2859
NA
563
NA
600
571
1804
1060
NA
1084
NA
742
2531
NA
NA
596
618

145
107
NA
NA
498
101
213
NA
NA
NA
NA
NA
39
NA
76
NA
147
115

134
NA

NA
93
42

NA

NA
142
77

625
545
392
411
559
591
683
312
335
300
314
408
2873
458
590
291
612
612
1790
998
372
1097
291
731
2516
300
465
587
651

606
544
384
401
566
584
638
324
340
289
299
412
2892
451
597
289
616
623
1778
970
360
1104
296
728
2497
293
443
585
661

24
18
14
16
52
18
34
12
12
10
11
15
62
18
16
10
25
20
48
39
14
39
14
21
56
10
17
23
17

36.97
94.41
49.26
46.86
89.23
64.81
19.44
17.17
68.79
24.62
10.47
76.81
48.59
58.14
46.60
84.80
87.52
48.78
53.40
28.17
35.48
64.61
62.49
83.99
35.42
44.21
18.88
89.90
40.12

12.74
0.88
NA
NA

-6.87

23.51
NA
NA
NA
NA
NA

-1.14
NA

-5.93
NA

-2.60

-9.18
1.43
8.52
NA

-1.80
NA
1.88
1.35
NA
NA
1.90

-6.89

606
544
384
401
566
584
638
324
340
289
299
412

2859
451
597
289
616
623
1804
970
360
1104
296
728

2531
293
443
585
661
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JO3_1 t3_Grainl39
J03_1_t3_Grainl4

JO3 1 t3 Grainl40
J03_1_t3_Grainl4l
J03_1_t3_Grainl142
JO3_1 t3_Grainl43
J03_1_t3_Grainl44
JO3 1 t3 Grainl46
JO3_1 t3 Grainl47
J03_1_t3_Grain148
JO3_1 t3 Grainl49
JO3 1 t3 Grainl5

J03_1_t3_Grainl50
JO3_1 t3_Grainl51
J03_1_t3_Grainl52
J03_1_t3_Grainl53
JO3_1 t3_Grainl55
J03_1_t3_Grainl56
J03_1_t3_Grainl57
JO03_1_t3_Grainl58
JO3_1_t3_Grainl59
JO3_1 t3 Grainl60
JO03_1_t3_Grainl6l
J03_1_t3_Grainl7

JO3_1 t3_Grainl9

J03_1_t3_Grain20

JO3 1 t3 Grain21

J03_1_t3_Grain22

J03_1_t3_Grain23

0.1092
0.0872
0.0612
0.0571
0.0642
0.0550
0.0552
0.0815
0.0783
0.0547
0.0572
0.0603
0.0585
0.0623
0.0750
0.1099
0.0598
0.1334
0.0617
0.0745
0.0508
0.0615
0.0716
0.0603
0.1912
0.0706
0.0578
0.0571
0.0689

32
2.1
39
4.5
7.1
5.5
5.9
4.0
4.4
4.5
5.1
4.7
5.1
7.3
4.2
1.7
6.5

8.0
3.1
4.5
6.4
22
10.0
2.7
43
10.3
7.3
9.2

3.2468
4.1615
10.2041
11.3895
9.9900
22.0410
11.5075
4.4248
4.8544
14.3678
10.1937
9.7561
9.7182
10.1937
5.8685
3.0941
11.0254
2.6233
9.2593
5.5835
21.2089
10.2881
6.3613
11.3895
1.9305
6.0496
10.8225
9.6339
9.8328

29
2.1
2.7
29
42
33
3.6
32
32
2.9
32
3.1
3.4
4.1
3.1
1.9
39
1.8
4.0
25
3.0
4.0
2.1
5.4
32
29
5.4
4.4
5.4

4.6374
2.8892
0.8269
0.6912
0.8861
0.3441
0.6614
2.5396
2.2240
0.5249
0.7737
0.8522
0.8300
0.8427
1.7621
4.8975
0.7478
7.0115
0.9188
1.8397
0.3303
0.8242
1.5519
0.7300
13.6559
1.6091
0.7364
0.8172
0.9661

43
3.0
4.8
53
8.3
6.5
6.9
5.1
5.5
5.4
6.0
5.6
6.1
8.4
5.2
2.5
7.6
2.3
8.9
4.0
5.4
7.6
3.1
11.3
42
5.1
11.7
8.5
10.6

0.3080
0.2403
0.0980
0.0878
0.1001
0.0454
0.0869
0.2260
0.2060
0.0696
0.0981
0.1025
0.1029
0.0981
0.1704
0.3232
0.0907
0.3812
0.1080
0.1791
0.0472
0.0972
0.1572
0.0878
0.5180
0.1653
0.0924
0.1038
0.1017

29
2.1
2.7
2.9
4.2
33
3.6
32
32
29
32
3.1
3.4
4.1
3.1
1.9
39

4.0
2.5
3.0
4.0
2.1
5.4
32
2.9
5.4
4.4
5.4

1786
1365
646
495
748
NA
420
1234
1154
NA
499
614
549
684
1069
1798
596
2143
664
1055
NA
657
975
614
2753
946
522
495
896

65
51
91
104
154
NA
137
84
93
NA
117
107
117
161
90
42
145
38
174
70
NA
142
55
219
51
93
230
165
192

1756
1379
612
534
644
300
515
1283
1189
428
582
626
614
621
1032
1802
567
2113
662
1060
290
610
951
557
2726
974
560
606
686

38
25
23
23
40
17
28
38
39
19
27
27
29
40
35
24
34
24
44
28
14
35
21
49
42
33
51
39
54

1731
1388
603
543
615
286
537
1314
1207
434
603
629
631
603
1014
1805
560
2082
661
1062
297
598
941
543
2691
986
570
637
624

49
31
18
17
26
10
20
41
39
13
20
20
22
25
32
36
2
40
27
28
10
24
22
29
76
29
31
28

36.28
49.98
46.51
5221
21.45
14.13
19.92
19.66
43.46
61.40
15.53
84.60
30.42
41.15
33.56
81.08
71.86
6.14
98.21
86.74
36.12
54.95
18.62
61.88
18.25
48.87
74.14
15.55
442

3.09
-1.71
6.75
-9.51
17.81
NA
-27.80
-6.48
-4.59
NA
-20.83
-2.39
-15.10
11.86
5.07
-0.42
6.15
2.86
0.39
-0.66
NA
8.95
3.43
11.69
2.25
-4.26
-9.10
-28.51
30.30

1786
1388
603
543
615
286
537
1314
1207
434
603
629
631
603
1014
1798
560
2143
661
1062
297
598
941
543
2753
986
570
637
624
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JO3_1 t3_Grain24
J03_1_t3_Grain25
J03_1_t3_Grain26
JO3_1 t3_Grain27
J03_1_t3_Grain28
JO3_1 t3_Grain29
J03_1_t3_Grain30
JO3 1 t3 Grain31
JO3_1 t3_Grain32
JO03_1_t3_Grain33
JO3 1 t3 Grain34
JO3 1 t3 Grain35
J03_1_t3_Grain36
JO3_1 t3_Grain37
J03_1_t3_Grain38
JO3 1 t3 Grain39
JO3_1 t3_Grain40
J03_1_t3_Grain42
JO3 1 t3 Grain43
J03_1_t3_Grain44
J03_1_t3_Grain45
JO3_1 t3_ Grain46
JO3_1 t3_Grain47
J03_1_t3_Grain49
JO3_1 t3_Grain50
J03_1_t3_Grain51
JO3 1 t3 Grain52
JO3 1 _t3 Grain53
J03_1_t3_Grain54

0.1108
0.0535
0.0612
0.0616
0.0632
0.0553
0.0497
0.0532
0.0594
0.0559
0.0565
0.1067
0.0601
0.0551
0.0615
0.0528
0.0600
0.0597
0.1287
0.0558
0.0582
0.0632
0.0536
0.0622
0.1872
0.0599
0.0778
0.0807
0.0512

2.1
79
4.2
6.0
6.7
8.1
8.7
7.1
5.0
7.9
4.7
4.0
3.8
6.0
5.1
52
6.5
5.8
3.6
79
6.3
4.7
4.9
4.5
1.4
6.3
1.9
29
59

3.1124
16.3132
10.0301
10.0402
9.6899
15.9236
48.6381
21.0970
10.4603
11.1235
14.6413
3.2468
11.2486
16.3132
8.3893
21.5983
16.5563
10.2041
2.5253
14.2248
10.5263
10.2459
16.3399
11.8765
1.9531
9.1491
5.2438
4.9950
21.8293

22
4.5
2.8

4.1
44
44
4.1
34
43
3.0
32
2.8
3.6
3.5
32
4.1
35
3.6
4.0
3.6
3.1
3.1
2.9
1.9
42
1.8
2.5
34

4.9085
0.4522
0.8413
0.8459
0.8993
0.4788
0.1409
0.3477
0.7830
0.6929
0.5321
4.5312
0.7367
0.4657
1.0108
0.3371
0.4997
0.8067
7.0271
0.5409
0.7623
0.8505
0.4523
0.7221
13.2153
0.9027
2.0457
2.2276
0.3234

3.0
9.1
5.1
7.1
7.8
9.2
9.7
8.2
6.0
9.0
5.6
5.1
4.7
7.0
6.2
6.1
7.7
6.7
5.0
8.8
7.3
5.7
5.8
5.4
24
7.6
2.6
39
6.8

0.3213
0.0613
0.0997
0.0996
0.1032
0.0628
0.0206
0.0474
0.0956
0.0899
0.0683
0.3080
0.0889
0.0613
0.1192
0.0463
0.0604
0.0980
0.3960
0.0703
0.0950
0.0976
0.0612
0.0842
0.5120
0.1093
0.1907
0.2002
0.0458

22
45
2.8
3.7
4.1
44
44
4.1
34
43
3.0
32
2.8
3.6
35
32
4.1
35
36
4.0
36
3.1
3.1
2.9
1.9
42

2.5
34

1813
NA
646
660
715
NA
NA
NA
582
448
NA
1744
607
NA
657
NA
NA
593
2080
NA
537
715
NA
681
2718
600
1142
1214
NA

47
NA
9%
134
146
NA
NA
NA
114
179
NA
78
88
NA
114
NA
NA
130
69
NA
143
105
NA
102
34
141
48
65
NA

1804
379
620
622
651
397
134
303
587
535
433
1737
560
388
709
295
411
601
2115
439
575
625
379
552
2695
653
1131
1190
285

28
29
24
34
38
31
12
22
28
38
20
44
21
23
32
16
26
31
46
32
33
27

24
26
37
20
29
17

1796
384
613
612
633
393
131
299
589
555
426
1731
549
384
726
292
378
603
2151
438
585
600
383
521
2665
669
1125
1176
289

40
17
18
23
26
17

21
24
14
53
16
14
26
10
16
21
69

22
20
13
16
51
28
23
31
10

65.22
78.87
65.13
56.73
43.71
77.71
68.52
71.89
93.08
31.29
48.52
85.30
35.96
71.22
31.85
70.22
245
90.74
24.68
95.51
58.89
11.57
71.58
3.64
8.11
45.43
56.10
32.49
66.08

091
NA
5.20
7.30
11.45
NA
NA
NA
-1.17
-23.76
NA
0.74
9.58
NA
-10.53
NA
NA
-1.68
-3.38
NA
-8.89
16.03
NA
23.47
1.93
-11.45
1.45
3.11
NA

1813
384
613
612
633
393
131
299
589
555
426
1744
549
384
726
292
378
603
2080
438
585
600
383
521
2718
669
1125
1176
289
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JO3_1_t3_Grain55
J03_1_t3_Grain56
J03_1_t3_Grain57
JO3 1 t3_Grain58
J03_1_t3_Grain59
JO3_1 t3_Grain60
J03_1_t3_Grain6l
JO3 1 t3 Grain62
J03_1_t3_Grain63
J03_1_t3_Grain64
J03_1_t3_Grain65
J03_1_t3_Grain66
J03_1_t3_Grain67
JO3_1 t3_Grain68
J03_1_t3_Grain69
JO3 1 t3 Grain70
JO3_1 t3 Grain71
J03_1_t3_Grain72
J03_1_t3_Grain73
JO3_1 t3 Grain74
J03_1_t3_Grain75
JO3_1 t3 Grain76
JO3_1 t3_Grain77
J03_1_t3_Grain78
JO3_1 t3_Grain79
J03_1_t3_Grain80
JO3 1 t3 Grain81
JO3_1_t3_Grain82
J03_1_t3_Grain83

0.0549
0.0524
0.0588
0.0671
0.0600
0.0637
0.0605
0.0572
0.0532
0.1014
0.1057
0.0567
0.0564
0.0519
0.0591
0.0581
0.1250
0.1216
0.0656
0.0703
0.0532
0.0581
0.0509
0.1241
0.1108
0.0621
0.1280
0.0674
0.0581

6.1
6.4
23
44
4.0
8.2
54
48
47
2.5
2.1
11.0
5.0
35
3.6
7.6
1.4
34
3.1
72
8.0
44
5.1
32
46
38
39
10.1
6.0

14.6199
16.5563
9.7847
9.0662
9.6061
10.0301
10.1317
10.1833
18.5529
3.6765
3.2394
10.3093
10.8108
21.6450
10.1523
9.7943
2.7601
2.8377
7.7580
8.8496
18.9753
11.2233
21.5564
2.8169
3.1556
10.4493
2.8273
10.2987
8.2169

3.6
3.7
2.0
3.1
2.8
45
3.4
3.2
3.0
2.4
2.1
5.4
32
25
2.7
4.4
1.7
3.2
3.0
45
43
2.9
3.1
3.0
37
2.8
35
5.6
3.8

0.5178
0.4364
0.8286
1.0205
0.8612
0.8757
0.8233
0.7745
0.3954
3.8028
4.4990
0.7583
0.7193
0.3306
0.8026
0.8179
6.2442
5.9084
1.1659
1.0953
0.3866
0.7138
0.3256
6.0744
4.8413
0.8194
6.2423
0.9024
0.9749

7.1
74
3.1
54
49
9.4
6.4
5.8
5.6
35
3.0
12.3
5.9
42
45
8.7
23
47
43
8.5
9.0
53
6.0
44
5.9
47
53

7.1

0.0684
0.0604
0.1022
0.1103
0.1041
0.0997
0.0987
0.0982
0.0539
0.2720
0.3087
0.0970
0.0925
0.0462
0.0985
0.1021
0.3623
0.3524
0.1289
0.1130
0.0527
0.0891
0.0464
0.3550
0.3169
0.0957
0.3537
0.0971
0.1217

3.6
3.7
2.0
3.1
2.8
45
34
3.2
3.0
2.4
2.1
5.4
3.2
25
2.7
4.4
1.7
3.2
3.0
45
43
2.9
3.1
3.0
3.7
2.8
35
5.6
3.8

NA
NA
560
841
604
732
622
499
NA
1650
1727
480
468
NA
571
534
2029
1980
794
937
NA
534
NA
2016
1813
678
2071
850
534

NA
NA
61
97
93
177
121
112
NA
54
47
248
116
NA
86
169
37
67
73
151
NA
101
NA
63
89
88
75
213
137

424
368
613
714
631
639
610
582
338
1593
1731
573
550
290
598
607
2011
1962
785
751
332
547
286
1987
1792
608
2010
653
691

25
23

28
24
45
30
26
16
30
27
54
26
11

21
40
23
42
25
46
26
23

40
51
22
48
56
36

427
378
627
674
638
613
607
604
338
1551
1734
597
570
291
606
627
1993
1946
782
690
331
550
292
1958
1775
589
1952
597
740

16
14
14
21
19
28
21
20
11
38
39
31
19

17
27
38
58
24
31
15
17
10
55
60
17
64
33
28

82.81
45.90
3.60
1.85
58.65
28.82
83.33
10.05
98.69
1.13
77.86
45.10
16.54
84.83
44.68
40.62
20.78
56.77
67.77
2.11
95.71
81.80
43.45
30.76
56.65
8.47
7.08
8.76
231

NA
NA
-12.08
19.79
-5.77
16.27
2.37
-20.95
NA
6.00
-0.45
-24.36
-21.82
NA
-6.10
-17.46
1.76
1.71
1.52
26.36
NA
-3.13
NA
2.86
2.10
13.05
5.72
29.73
-38.76

427
378
627
674
638
613
607
604
338
1650
1727
597
570
291
606
627
2029
1980
782
690
331
550
292
2016
1813
589
2071
597
740
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JO3_1 t3_Grain84
J03_1_t3_Grain85
J03_1_t3_Grain86
JO3 1 t3_Grain87
J03_1_t3_Grain88
JO3_1 t3_Grain89
JO03_1_t3_Grain90
JO3 1 t3 Grain91
JO3_1 t3_Grain92
JO03_1_t3_Grain93
JO3 1 t3 Grain9%4
JO3 1 t3 Grain95
J03_1_t3_Grain97
JO3_1 t3_Grain98
J03_1_t3_Grain99
JO3 2 Grain01
JO3_2 Grain02
JO3_2 Grain03
JO3 2 Grain04
JO3_2 Grain05
JO3_2 Grain06
JO3_2 Grain07
JO3_2 Grain08
J03_2 Grain09
JO3_2 Grainl0
JO3_2 Grainll
JO3 2 Grainl2
J03_2 Grainl3
JO3_2 Grainl4

0.0618
0.0570
0.0771
0.0837
0.0526
0.0592
0.0654
0.0548
0.0647
0.0725
0.0537
0.1070
0.0579
0.1068
0.0602
0.0555
0.0589
0.0595
0.1349
0.1797
0.0593
0.0597
0.0605
0.0518
0.1288
0.1228
0.1085
0.0569
0.1209

5.7
6.0
44
4.1
4.4
5.0
49
5.6
6.7
3.3
6.2
14.0
48
35
45
6.6
42
48
1.7

59
7.0
4.8
7.3
4.0
2.7
3.4
5.5
2.6

10.2249
11.6144
5.3362
4.5351
21.7817
9.9108
10.2145
21.1864
10.2669
5.6593
15.1286
4.3103
11.4286
3.4855
10.0908
10.0301
10.3093
11.6686
2.5323
1.9589
10.1626
10.5263
10.2041
22.4215
2.7701
2.7847
3.1447
10.0100
2.8482

3.7
3.6
32
3.0
2.9
32
32
33
4.0
2.6
35
8.3
3.2
3.1
3.1
3.0
24
2.6
2.0
1.8
3.1
3.1
2.6
3.1
3.0
2.4
2.6
2.7
2.4

0.8334
0.6767
1.9922
2.5447
0.3330
0.8236
0.8828
0.3566
0.8689
1.7663
0.4894
3.4227
0.6985
4.2248
0.8226
0.7629
0.7877
0.7031
7.3451
12.6487
0.8045
0.7820
0.8175
0.3185
6.4110
6.0802
4.7573
0.7838
5.8527

6.8
7.0
5.4
5.1
52
59
5.8
6.5
7.8
4.2
7.2
16.2
5.8
4.7
5.5
72
4.9
5.4
2.6
2.1
6.7
7.6
5.4
7.9
5.0
3.6
43
6.1
3.5

0.0978
0.0861
0.1874
0.2205
0.0459
0.1009
0.0979
0.0472
0.0974
0.1767
0.0661
0.2320
0.0875
0.2869
0.0991
0.0997
0.0970
0.0857
0.3949
0.5105
0.0984
0.0950
0.0980
0.0446
0.3610
0.3591
0.3180
0.0999
0.3511

3.7
3.6
32
3.0
2.9
32
32
33
4.0
2.6
3.5
8.3
32
3.1
3.1
3.0
24
2.6
2.0
1.8
3.1
3.1
2.6
3.1
3.0
2.4
2.6
2.7
2.4

667
492
1124
1286
NA
574
787
NA
765
1000
NA
1749
526
1746
611
432
563
585
2163
2650
578
593
622
NA
2082
1997
1774
488
1970

127
137
92
86
NA
114
107
NA
145
75
NA
260
111
71
104
151
98
109
40
32
133
155
108
NA
75
55
68
125
53

615
525
1113
1285
292
610
642
310
635
1033
405
1510
538
1679
609
576
590
541
2154
2654
599
587
607
281
2034
1987
1777
588
1954

32
29
38
39
14
28
29
18
37
29
24

129
25
40
26
32
23
23
26
24
31
35
25
20
45
33
38
28
32

602
532
1107
1285
289
620
602
297
599
1049
413
1345
541
1626
609
613
597
530
2146
2659
605
585
603
281
1987
1978
1780
614
1940

22
20
35
39

21
20
10
24
28
15
102
18
48
19

16
15
43
49
19
19
17

56
47
46
18
46

44.94
67.21
81.52
98.75
73.48
56.64
221
24.29
11.31
38.96
51.88
4.56
84.01
4.85
98.18

63
37
60
75
74
94
80
96

68
92

46

9.85
-8.32
1.47
0.08
NA
-7.87
23.52
NA
21.64
-4.89
NA
23.10
-2.81
6.85
0.27

602
532
1107
1285
289
620
602
297
599
1049
413
1345
541
1746
609
613
597
530
2163
2650
605
585
603
281
2082
1997
1774
614
1970

22
20
35
39

21
20

24

28

15
102

75
55
68

53
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JO3_2 Grainl5 0.0572 39 10.2669 24 0.7682 4.6 0.0974 2.4 499 92 579 21 599 16 10 -20 599 16

JO3_2_Grainl6 0.1270 3.0 2.6810 2.6 6.5315 4.0 03730 2.6 2057 60 2050 37 2044 51 75 1 2057 60
J03_2_Grainl8 0.0683 6.0 6.3291 3.0 1.4879 6.7 0.1580 3.0 878 129 925 42 946 29 38 -8 946 29
J03_2_Grainl9 0.0592 5.0 10.5932 2.6 0.7705 5.6 0.0944 2.6 574 114 580 26 582 16 93 -1 582 16
J03_2_Grain20 0.0520 6.7  22.1043 2.8 0.3244 7.3 0.0452 2.8 NA NA 285 18 285 9 100 NA 285 9
JO3_2 Grain21 0.0598 5.5 11.3379 2.6 0.7272 6.1 0.0882 2.6 596 125 555 27 545 16 47 9 545 16
Rejected Analyses

J03_1_t2_Grain07 0.1175 1.6 3.0941 1.9 5.2361 24 0.3232 1.9 1919 39 1859 24 1805 36 0.00 5.90
JO3_1 t3_Grainl04  0.0573 4.6 21.1864 3.1 0.3729 5.6 0.0472 3.1 NA NA 322 16 297 10 0.15 NA
JO3_1_t3_Grainll4 0.1158 2.7 3.3979 2.6 4.6989 3.8 0.2943 2.6 1892 56 1767 33 1663 43 0.00 12.12
JO3_1_t3_Grainl37  0.0823 83 7.9239 5.1 1.4321 9.8 0.1262 5.1 1253 167 902 59 766 38 0.01 38.84
JO3_1_t3_Grainl38  0.0691 5.2 10.4712 3.5 0.9099 6.3 0.0955 3.5 902 113 657 31 588 21 0.01 34.79
JO3_1_t3_Grainl45 60682+ 36 55556 34 20376 48 04869 34 248 e H28 34 1067 33 0.01 14.50
JO3_1 t3_Grainl54 0.1847 2.5 2.7693 2.9 9.1959 3.9 0.3611 29 2696 49 2358 38 1987 55 0.00 26.27
JO3_1_t3_Grainl6 0:0892 50 50839 37 2492 62 04967 37 1408 100 1248 46 Hs8 42 0.02 17.81
J03_1_t3_Grainl8 0.1142 2.0 3.8986 24 4.0388 3.1 0.2565 2.4 1867 45 1642 28 1472 37 0.00 21.17
JO3_1 t3_Grain48 0.0645 53 10.8460 3.6 0.8200 6.4 0.0922 3.6 758 117 608 30 569 21 0.65 25.00
J03_1_t3_Grain96 0.0759 4.5 8.7873 2.9 1.1909 5.4 0.1138 29 1092 96 796 31 695 21 0.00 36.40
J03_2_Grainl7 0.1198 1.6 3.0893 2.0 5.3469 2.5 0.3237 2.0 1953 40 1876 25 1808 38 0 7
JO3_2 Grain22 0.1587 1.5 2.2784 2.0 9.6038 2.5 0.4389 2.0 2442 37 2398 26 2346 47 0 4

20EJO05 — Hibernia B-16 55 — Hibernia Formation (Lower) — Core # 2, box 3

Isotopic ratios® Isotopic ages
Soot Name Wpy 25, MU/ 25, Pb/ 25, 2®Pb/ 25, 2Pb/ 250w ZPb/ 250w 2Pb/  2Sew g‘;‘;}; % %';;tt’ 2
p ™Pb (%)  MPb (4 TP (%) U (0 P (Ma)  TPb (Ma) U (Ma) o cond® SR (Ma)
0
J05_2_Grain01 00563 42 163132 25 04759 49 00613 25 NA  NA 395 17 384 1 13 NA 384 1
J05 2. Grain02 0.1181 3.0 29429 25 55332 39 03398 25 1928 60 1906 35 1886 46 34 2 1928 60
J05_2_ Grain03 00651 54 78616 28 11417 61 01272 28 778 118 773 34 772 23 94 1 772 23
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J05_2_Grain05 00723 47 58685 27 1.6987 54 01704 27 994 100 1008 36 1014 28 77 2 1014 28
J05_2_Grain06 01183 22 28393 21 57448 3.1 03522 21 1931 43 1938 29 1945 43 71 -1 1931 48
J05 2 Grain07 00543 60 150830 29 04964 67 00663 29  NA NA 409 23 414 13 69 NA 414 13
J05_2_Grain08 00542 59 150830 2.8 04955 65 00663 2.8  NA NA 409 22 414 12 63 NA 414 12
J05_2_Grain09 00558 7.2 152439 3.1 05047 78 00656 31 NA  NA 415 27 410 14 73 NA 410 14
J05_2_Grainl0 00633 47 74294 27 11748 54 01346 27 718 105 789 31 814 23 14 -13 814 23
J05_2_Grainl1 0.0990 2.8 34542 23 39517 3.6 02895 23 1605 60 1624 31 1639 38 46 2 1605 60
J05 2 2 Grain0l  0.0474 11.6 464037 3.7  0.1408 121 00216 37 NA NA 134 15 137 5 66 NA 137 5
J05 2 2 Grain03  0.1014 3.1 35727 25 39133 39 02799 25 1650 64 1616 34 1591 40 2 4 1650 64
J05 2 2 Grain04 0.0736 34 61728 23 16440 41 01620 23 1031 76 987 27 968 24 23 6 968 24
J05 2 2 Grain05  0.0504 7.6  16.1551 3.0 04302 82 00619 30 NA NA 363 25 387 12 7 NA 387 12
J05 2 2 Grain06  0.1005 32  3.5524 25 39007 40 02815 25 1633 66 1614 34 1599 40 48 2 1633 66
J05 2 2 Grain07  0.0785 3.0 52770 23 20511 38 01895 23 1160 67 1133 28 1o 27 31 4 1119 27
J05 2 t2 Grain08  0.0446 8.9 444444 33 01384 95 00225 33 NA  NA 132 12 143 5 7 NA 143 5
Rejected Analyses
J05 2 Grain04 00669 55 106838 29 08634 62 00936 29 835 119 632 30 577 18 0 31
J05 2 t2 Grain02  0.1006 1.9  3.6778 20 37715 28 02719 20 1635 46 1587 25 1550 34 1 5

20EJ06 — Hibernia B-16 54W — Hibernia Formation (Lower) — Core # 1, box 1-3

Isotopic ratios® Isotopic ages

Spot Name MPb/ 2 BU/ 2 P/ 2 P 25 VRY 2sew PO/ 2sew  PD/ s gg‘;}; % | [éi'f 28

Pb (%) Pb (%) Pb (%) U (%) Pb  (Ma) Pb  (Ma) U Ma) T conc? Age® M)
J06_1_Grain01 00731 3.1 58617 23 17195 38 01706 23 1017 70 1016 26 1015 25 9813 0.3 1015 25
J06_1_Grain02 01098 1.7  3.1338 19 48309 2.6 03191 19 1796 42 1790 24 1785 36 6452 060 1796 42
J06_1_Grain03 00596 3.9 105485 28  0.7790 48  0.0948 28 589 91 585 22 584 17 9319 089 584 17
J06_1_Grain04 01973 14 18242 18 149131 23 05482 18 2804 34 2810 25 2818 52 69.53 -049 2804 34
J06_1_Grain05 0.0558 44 149254 29 05155 52 00670 29 NA  NA 422 19 418 13 7475 NA 418 13
J06_1_Grain06 01922 13 18643 1.8 142149 22 05364 18 2761 33 2764 25 2768 51 80.19 -026 2761 33
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JO6_1 t2 Grain01
J06_1_t2_Grain03
JO6_1 t2 Grain05
J06_1_t2_Grain06
J06_1_t3_Grain01
JO6_1 t3_Grain02
JO6_1_t3_Grain03
JO6_1 t3 Grain04
JO6_1 t3_Grain05
J06_1_t3_Grain06
J06_1 t3 Grain08
J06_1_t3_Grain09
J06_1_t3_Grainl0
JO6_1 t3_Grainl00
J06_1_t3_Grainll
J06 1 t3 Grainl2
JO6_1 t3 Grainl3
J06_1_t3_Grainl4
JO6_1 t3 Grainl5
J06_1_t3_Grainl6
J06_1_t3_Grainl7
JO6_1 t3 Grainl8
J06_1_t3_Grainl9
J06_1_t3_Grain20
JO6_1 t3_Grain21
J06_1_t3_Grain23
JO6 1 t3 Grain24
JO6_1 t3 Grain25
J06_1_t3_Grain26

0.0570
0.1091
0.1039
0.0543
0.0587
0.1016
0.0505
0.1015
0.0617
0.0630
0.0641
0.0668
0.0606
0.0576
0.0547
0.0622
0.0637
0.0600
0.1227
0.0604
0.0555
0.0630
0.0539
0.1288
0.0531
0.0595
0.0620
0.1892
0.1102

6.7
32
3.1
4.1
45
3.0
9.6
27
48
44
4.7
72
63
75
8.5
6.5
9.6
47
27
32
7.4
6.6
48
52
54
48
48
2.9
22

11.7371
3.1133
3.4941
15.4631
10.0100
3.5945
46.2321
3.2279
9.9404
10.4712
9.7182
10.4275
10.1317
11.2740
15.1976
9.6712
10.9051
11.2486
2.7894
9.5785
14.8588
10.1010
15.2672
2.8011
16.6667
10.3520
10.1729
1.9231
3.0395

39
2.7
29
2.8
3.0
2.7
4.7
2.8
3.1
3.1
33
43
3.7
43
4.5
3.9
4.7
3.0
29
25
43
3.8
3.1
4.1
3.4
3.4
32
33
22

0.6696
4.8317
4.1000
0.4842
0.8085
3.8972
0.1506
4.3356
0.8558
0.8296
0.9094
0.8833
0.8247
0.7044
0.4963
0.8868
0.8054
0.7355
6.0651
0.8694
0.5150
0.8600
0.4868
6.3399
0.4393
0.7925
0.8403
13.5652
4.9989

7.7
42
42
5.0
5.4
4.1
10.7
39
5.7
5.4
5.8
8.4
7.3
8.7
9.6
7.6
10.7
5.6
4.0
4.1
8.6
7.7
5.7
6.6
6.4
59
5.8
4.4
3.1

0.0852
0.3212
0.2862
0.0647
0.0999
0.2782
0.0216
0.3098
0.1006
0.0955
0.1029
0.0959
0.0987
0.0887
0.0658
0.1034
0.0917
0.0889
0.3585
0.1044
0.0673
0.0990
0.0655
0.3570
0.0600
0.0966
0.0983
0.5200
0.3290

39
2.7
29
2.8
3.0
2.7
4.7
2.8
3.1
3.1
33
43
3.7
43
45
39
4.7
3.0
2.9
2.5
4.3
3.8
3.1
4.1
3.4
3.4
32
33
22

492
1784
1695
NA
556
1654
NA
1652
664
708
745
832
625
515
NA
681
732
604
1996
618
NA
708
NA
2082
NA
585
674
2735
1803

151
66
63

NA
103
63

NA
58
108
99

105
154

141
168

NA

143

208

108
56
77

NA

145

NA
9

NA

109

109
54
48

520
1790
1654
401
602
1613
142
1700
628
613
657
643
611
541
409
645
600
560
1985
635
422
630
403
2024
370
593
619
2720
1819

32
37
36
17
25
35
14
34
27
26
29
40
34
37
33
37
49
25
36
20
30
37

59
20
27
28
43
28

527
1796
1623
404
614
1582
138
1740
618
588
631
590
607
548
411
634
566
549
1975
640
420
609
409
1968
376
594
604
2699
1834

21
47
45
12
19
42

47
20

2
25
23
24
19
25
26
17
54

18
24
13
73
13
21
20
78
41

71.15
84.82
13.10
76.44
39.57
11.17
57.61
2.64
52.19
4.92
8.75
2.89
85.55
72.39
93.07
63.29
20.64
47.03
65.65
60.31
90.02
30.93
57.36
21.51
62.11
89.04
31.26
53.02
41.49

-7.23
-0.62
4.27
NA
-10.40
431
NA
-5.33
6.90
16.98
15.24
29.01
2.92
-6.46
NA
6.86
22.70
9.04
1.04
-3.59
NA
14.08
NA
5.46
NA
-1.54
10.34

-1.71

527
1784
1695
404
614
1654
138
1652
618
588
631
590
607
548
411
634
566
549
1996
640
420
609
409
2082
376
594
604
2735
1803

110



JO6_1 t3_Grain27
JO6_1_t3_Grain28
J06_1_t3_Grain29
J06_1_t3_Grain30
J06_1_t3_Grain31
JO6_1 t3_Grain32
JO6_1_t3_Grain33
JO6_1 t3 Grain34
JO6_1 t3_Grain35
J06_1_t3_Grain36
JO6_1 t3 Grain38
J06_1_t3_Grain39
J06_1_t3_Grain40
JO6_1 t3_Grain42
J06_1_t3_Grain43
JO6_1 t3 Graind5
JO6_1 t3_Grain46
J06_1_t3_Grain47
JO6_1 t3 Grain48
J06_1_t3_Grain49
J06_1_t3_Grain51
JO6_1 t3 Grain52
J06_1 t3_Grain53
J06_1_t3_Grain54
JO6_1 t3_Grain55
J06_1_t3_Grain56
JO6_1 t3 Grain57
JO6_1 t3 Grain58
J06_1_t3_Grain59

0.0998
0.0552
0.0612
0.0643
0.1898
0.1068
0.0527
0.1282
0.0632
0.0508
0.0564
0.1095
0.0582
0.0626
0.0596
0.0924
0.1065
0.0772
0.0730
0.1704
0.0498
0.0537
0.1016
0.1003
0.1026
0.0583
0.0530
0.0597
0.1304

6.3
8.9
4.7
5.1
2.9
3.1
44
1.8
9.4
9.0
7.1
24
5.8
5.0
62
47
24
44
32
14
12.3
5.7
22
2.0
32
42
7.7
53
2.8

3.6232
11.4155
10.8460
8.0906
1.8248
3.2289
17.0940
2.6638
9.9206
12.3153
11.4416
3.1066
11.4548
8.6281
9.9010
4.1203
3.2938
5.4795
6.0024
2.0708
43.1034
16.7785
3.3636
3.4990
3.4698
11.3122
17.4520
9.6154
2.6035

4.5
5.1
32
3.4
3.1
2.7
3.0
2.1
5.1
4.7
43
2.4
3.7
3.4
3.9
3.6
24
3.0
2.5
1.9
5.8
35
22
2.0
2.8
2.8
4.2
35
2.6

3.7979
0.6667
0.7780
1.0958
14.3410
4.5605
0.4251
6.6357
0.8784
0.5687
0.6797
4.8600
0.7005
1.0004
0.8300
3.0920
4.4581
1.9426
1.6769
11.3456
0.1593
0.4413
4.1648
3.9524
4.0770
0.7106
0.4187
0.8561
6.9059

7.7
10.2
5.7
6.2
42
4.1
53
2.8
10.7
10.1
83
33
6.9
6.0
7.3
59
3.4
53
4.1
2.3
13.6
6.7
3.1
29
42
5.1
8.7
6.4
3.8

0.2760
0.0876
0.0922
0.1236
0.5480
0.3097
0.0585
0.3754
0.1008
0.0812
0.0874
0.3219
0.0873
0.1159
0.1010
0.2427
0.3036
0.1825
0.1666
0.4829
0.0232
0.0596
0.2973
0.2858
0.2882
0.0884
0.0573
0.1040
0.3841

4.5
5.1
32
3.4
3.1
2.7
3.0
2.1
5.1
4.7
43
24
3.7
3.4
39
3.6
2.4
3.0
2.5
1.9
5.8
3.5
22
2.0
2.8
2.8
4.2
35
2.6

1620
420
646
752
2740
1746
NA
2073
715
232
468
1791
537
695
589
1476
1740
1126
1014
2562
NA
NA
1654
1630
1672
541
NA
593
2103

121
202
107

203
211
162

120
56

1592
519
584
751

2773
1742
360

2064
640
457
527
1795
539
704
614
1431
1723
1096
1000

2552
150

1667
1624
1650
545
355
628
2099

63
42
26
34
42
36
17
27
51
38
35
30
29
31
34
47
31
37
27
25
19
21
28
26
36
22
27
30
36

1571
541
569
751
2817
1739
366
2055
619
503
540
1799
540
707
620
1401
1709
1081
993
2540
148
373
1678
1621
1633
546
359
638
2095

66
27
19
26
77
47

44
31
23
23
43
20
24
24
48
41
33
26
48

14
38
35
44
16
15
23
53

60.48
32.17
27.83
99.69
20.38
90.20
43.49
57.01
48.13
1.71
44.46
85.01
97.84
88.20
71.35
28.72
42.44
55.53
71.15
54.03
82.76
86.93
5327
81.38
44.08
93.70
80.40
54.96
86.77

3.03
-28.79
12.03
0.03
2.79
0.36
NA
0.90
1341
By
-15.38
-0.44
-0.42
-1.76
-5.29
5.08
1.79
4.06
2.03
0.85
NA
NA
-1.47
0.56
234
-0.93
NA
-7.61
0.38

1620
541
569
751

2740
1746
366

2073
619
503
540
1791
540
707
620
1401
1740
1081
993

2562
148
373
1654
1630
1672
546
359
638

2103

121
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JO6_1 t3_Grain60
J06_1_t3_Grain61
J06_1_t3_Grain62
J06_1_t3_Grain63
J06_1_t3_Grain64
JO6_1 t3_Grain66
J06_1_t3_Grain68
J06_1_t3_Grain69
JO6_1 t3_Grain70
J06_1_t3_Grain72
J06_1 t3 Grain73
J06_1 t3 Grain74
J06_1_t3_Grain75
JO6_1 t3_Grain76
J06_1 t3_Grain77
JO6 1 t3 Grain78
JO6_1 t3_Grain79
J06_1_t3_Grain80
JO6_1 t3 Grain82
J06_1_t3_Grain84
J06_1_t3_Grain86
JO6_1 t3 Grain87
J06_1_t3_Grain88
J06_1_t3_Grain89
J06_1 t3_Grain90
J06_1_t3_Grain91
JO6 1 t3 Grain92
J06_1_t3_Grain%4
J06_1_t3_Grain96

0.0557
0.1093
0.0929
0.1038
0.1966
0.0763
0.0623
0.0598
0.0612
0.0645
0.1182
0.0547
0.0581
0.0606
0.1097
0.0572
0.0532
0.1882
0.0589
0.0500
0.0526
0.0580
0.0611
0.0787
0.1285
0.0549
0.0627
0.0617
0.0710

7.0
2.3
3.0
2.3
1.6
5.7
33
6.4
42
10.0
1.9
5.5
6.3
52
2.0
53
6.5
2.2
6.5
8.8
12.6
10.5
3.7
32
0.8
4.6
5.7
4.6
5.5

10.6157
3.1260
4.0584
3.5075
1.8529
4.6490
10.1112
11.7647
9.7276
7.6628
2.9438

14.8810

14.4300

11.5473
3.2175

15.0376

17.1527
1.9558

11.7096

45.9770

51.0204

10.8578
9.7276
5.0916
2.6511

14.7710
10.3413
9.9010
5.7770

4.1
2.5
26
23
2.1
42
24
4.0
3.1
5.7
2.1
34
3.7
34
2.0
32
3.8
2.6
3.9
44
62
54
27
25
1.3
3.0
3.8
3.1
3.6

0.7234
4.8210
3.1562
4.0803
14.6298
2.2629
0.8495
0.7008
0.8675
1.1606
5.5362
0.5068
0.5552
0.7236
4.7010
0.5245
0.4276
13.2677
0.6935
0.1499
0.1421
0.7365
0.8660
2.1312
6.6831
0.5125
0.8360
0.8592
1.6946

8.1
34
4.0
32
2.7
7.0
4.1
7.5
52
11.5
2.8
6.4
7.3
6.2
2.8
6.2
7.5
3.4
7.5
9.9
14.1

4.6
4.1
1.6
5.5
6.8
5.5
6.6

0.0942
0.3199
0.2464
0.2851
0.5397
0.2151
0.0989
0.0850
0.1028
0.1305
0.3397
0.0672
0.0693
0.0866
0.3108
0.0665
0.0583
0.5113
0.0854
0.0218
0.0196
0.0921
0.1028
0.1964
0.3772
0.0677
0.0967
0.1010
0.1731

4.1
2.5
2.6
23
2.1
42
24
40
3.1
5.7
2.1
34
3.7
34
2.0
32
3.8
2.6
39
44
6.2
54
27
2.5

3.0
3.8
3.1
3.6

440
1788
1486
1693
2798
1103
684
596
646
758
1929
NA
NA
625
1794
NA
NA
2726
563
NA
NA
530
643
1165
2078
NA
698
664
957

159
51
65
52
37
118
79
143
96
215
44
NA
NA
118
46
NA
NA
45
145
NA
NA
235
86
71
31
NA
126
103
117

553
1789
1447
1650
2791
1201

624

539

634

782
1906

416

448

553
1767

428

362
2699

535

142

135

560

633
1159
2070

420

617

630
1006

35
31
33
29
28
51
20
32
25
63
27
2
27
27
26
22
23
35
32
13
18
51
23
30
18
19
32
27
43

580
1789
1420
1617
2782
1256

608

526

631

791
1885
419
432

535
1745

415

365
2662

528

139

125

568

631
1156
2063

422

595

620
1029

24
44
37
38
57
50

21
20
44
40
15
17
19
37
14
14
64
21

30
18
31
33
14
23
20
37

13.27
97.03
19.91

66.33
6.04
17.73
40.68
80.81
81.29
20.66
82.28
28.27
22.67
18.87
28.87
77.85
19.88
73.50
67.70
29.11
80.34
84.42
86.38
33.05
82.80
18.98
49.05
39.69

-31.76
-0.08
4.44
4.50
0.57
-13.87
11.17
11.81
2.39
-4.31
2.28
NA
NA
14.35
2.77
NA
NA
236
6.23
NA
NA
-7.21
1.86
0.74
0.69
NA
14.76
6.55
-7.49

580
1788
1420
1693
2798
1256

608

526

631

791
1929

419

432

535
1794

415

365
2726

528

139

125

568

631
1156
2078

422

595

620
1029
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J06_1 t3 _Grain97  0.0541 6.6 163666 39 04558 7.6 00611 39 NA  NA 381 25 382 15 9359 NA 382 15
J06 1 t3 Grain98  0.0959 23  3.6955 22 35781 32 02706 22 1546 53 1545 27 1544 35 9661 0.3 1544 35
J06 1 t3 Grain99  0.1508 12 22341 1.6 93066 2.0 04476 16 2355 33 2369 22 2385 42 2716 -126 2355 33
J06_2_Grain01 00563 40 13.6091 22 05704 46 00735 22 NA  NA 458 18 457 11 91 NA 457 11
J06_2_Grain02 00541 62 132100 29 05647 69 00757 29 NA  NA 455 26 470 15 24 NA 470 15
J06_2_Grain03 00730 3.6 59666 23  1.6869 43 01676 23 1014 79 1004 28 999 25 77 1 999 25
J06_2_Grain04 00935 24 38775 2.1 33248 32 02579 2.1 1498 54 1487 27 1479 33 63 1 1479 33
J06_2 Grain05 00543 75 185529 3.0 04035 81 00539 30 NA NA 344 24 338 1 66 NA 338 1
J06_2_Grain06 0.1146 2.6  3.1270 22 50532 34 03198 22 1874 54 1828 31 1789 41 2 5 1874 54
J06_2_Grain07 00532 55 146628 27 05003 6.1 00682 27 NA  NA 412 21 425 12 25 NA 425 12
J06_2 Grain08 00598 50 102775 27 08023 57 00973 27 59 113 598 26 599 17 97 0 599 17
J06_2_Grain09 0.0615 41 96061 24 08827 47 01041 24 657 93 642 23 638 17 76 3 638 17
J06_2_Grain10 0.0525 65 184843 29 03916 7.0 00541 29 NA  NA 336 21 340 11 71 NA 340 11
Rejected Analyses
J06_1 t3 Grain07  0.0604 58 169779 34 04905 68 00589 34 NA  NA 405 23 369 13 054  NA
J06 1 t3 Graind4  0.1918 1.8 20198 23  13.0931 29 04951 23 2758 39 2686 30 2593 57 001 598
J06_1 13 GrainS0  0.1056 22  3.6617 23 39764 32 02731 23 1725 50 1629 28 1557 36 000  9.76
J06_1 13 Grain7l  0.0652 53  10.6952 35  0.8405 63 00935 35 781 115 619 30 576 21 024 2620
J06 1 t3 Grain81 01071 2.0  3.0102 2.1 49056 29 03322 21 1751 46 1803 27 1849 40 036  -5.62
J06_1 t3 Grain83  0.0479 9.1 143678 4.6 04597 102 00696 46 NA  NA 384 33 434 20 048  NA
J06 1 t3 Grain95  0.1887 14 19716 2.0  13.1963 2.5 05072 2.0 2731 35 2694 27 2645 53 076  3.16
20EJ08 — Hebron M-04 — Hibernia Formation (Upper) — Core # 3, box 37-42
Isotopic ratios® Isotopic ages
Spot Name WPy 26 B 2 VRO 25 PPY 25 VPO 25w UPY e PO 2w gg‘;‘; % [é‘ez‘t’ S
Pb (%) Pb (%) Pb (%) U (%) Pb  (Ma) Pb  (Ma) U M) T cone® R (Ma)

J08_1_Grain01 00564 5.1 145773 3.1 05335 59 0068 3.1 NA NA 434 21 428 14 5902 NA 428 14
J08_1_Grain02 0.0595 38 100705 2.7 08146 47  0.0993 27 585 90 605 2 610 17 6638 -425 610 17
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JO8_1 t2 Grain01
JO8_1_t2_Grain02
JO8 1 t2 Grain03
JO8_1_t2_Grain04
JO8_1_t2_Grain05
JO8_1 t2 Grain06
JO8_1_t3_Grain01
JO8 1 t3 Grain02
JO8_1 t3 Grain03
JO8_1_t3_Grain04
JO8 1 t3 Grain06
JO8 1 t3 Grain07
JO8_1_t3_Grain08
JO8_1 t3 Grain09
JO8_1_t3_Grainl0
JO8_1_t3_Grain100
JO8_1 t3_Grainl01
JO8_1_t3_Grain102
JO8_1_t3_Grain103
JO8_1_t3_Grainl04
JO8_1_t3_Grainl05
JO8_1 t3 Grainl06
JO8_1_t3_Grainl07
JO8 1 t3 Grainl08
JO8_1 t3_Grainl09
JO8_1_t3_Grainll
JO8 1 t3 Grainll0
JO8_1_t3_Grainl12
JO8_1_t3_Grainl2

0.1271
0.0576
0.0628
0.0597
0.0596
0.0626
0.0586
0.0509
0.0638
0.1045
0.0963
0.0575
0.0721
0.0540
0.1067
0.0612
0.0591
0.1023
0.0518
0.0588
0.1122
0.0795
0.0577
0.0805
0.0597
0.0621
0.0685
0.0540
0.0595

22
53
5.0
5.6
5.8
4.9
4.5
6.5
5.8
6.0
22
4.9
3.8
7.1
1.6
34
5.7
2.6
5.7
7.7
1.9
29
42
7.8
3.4
4.8
4.7
52
11.2

2.6028
10.2041
9.7371
11.1607
11.9332
10.6724
10.5820
17.3310
10.7875
3.6364
3.7552
14.2857
5.6433
14.8588
3.3289
10.3627
11.1607
3.3124
21.6920
11.2108
3.0488
4.9358
10.2881
5.0736
9.9800
9.3633
5.8893
15.5521
10.4384

23
34
34
35
35
33
3.1
36
37
4.6
2.1
33
29
42
1.8
2.5
3.6
2.5
35
44
2.1
24
3.0
48
26
32
34
34
5.8

6.7329
0.7783
0.8893
0.7375
0.6886
0.8088
0.7635
0.4049
0.8155
3.9623
3.5359
0.5550
1.7616
0.5011
4.4194
0.8143
0.7301
4.2583
0.3293
0.7232
5.0742
2.2208
0.7733
2.1877
0.8248
0.9145
1.6037
0.4787
0.7859

32
6.3
6.0
6.6
6.7
59
5.4
7.4
6.9
7.6

59
4.8
83
2.5
4.2
6.7
3.6
6.7
8.9
2.8
3.8
5.1
9.2
43
5.8
5.8
6.2
12.6

0.3842
0.0980
0.1027
0.0896
0.0838
0.0937
0.0945
0.0577
0.0927
0.2750
0.2663
0.0700
0.1772
0.0673
0.3004
0.0965
0.0896
0.3019
0.0461
0.0892
0.3280
0.2026
0.0972
0.1971
0.1002
0.1068
0.1698
0.0643
0.0958

2.3
3.4

2058
515
701
593
589
695
552
NA
735
1706
1554
NA
989
NA
1744
646
571
1666
NA
560
1835
1185
518
1209
593
678
884

585

48
122
111
127
130
110
103
NA
127
114

50
NA

84
NA

79
129

NA
172
44
65
97
157
82
109
103
NA
248

2077
585
646
561
532
602
576
345
606
1627
1535
448
1031
412
1716
605
557
1685
289
553
1832
1188
582
1177
611
659
972
397
589

29
29
29
28
28
25
22
32
62
26
22
33
28
23
20
29
31
17
38
26
28
24
65
21
29
37
21
57

2096
603
630
553
519
577
582
362
571
1566
1522
436
1052
420
1693
594
553
1701
291
551
1829
1189
598
1160
616
654
1011
402
590

36.64
25.08
28.30
65.29
46.64
10.34
67.75
17.70
6.44
16.67
42.66
29.25
28.76
61.90
10.04
26.78
82.30
40.74
87.42
93.73
85.17
91.29
12.57
66.06
65.79
74.72
5.08
64.80
97.61

-1.83
-17.12
10.16
6.67
11.94
16.88
-5.40
NA
22.25
8.17
2.04
NA
-6.36
NA
2.90
8.11
3.09
-2.07
NA

0.36
-0.39
-15.35
4.10
-3.86
3.46
-14.40
NA
-0.74

2058
603
630
553
519
577
582
362
571
1706
1522
436
1052
420
1744
594
553
1666
291
551
1835
1189
598
1160
616
654
1011
402
590

48
21
22
20
18
19
19
14
22

114
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JO8_1 t3_Grainl3
JO8_1_t3_Grainl4
JO8_1_t3_Grainl5
JO8_1_t3_Grainl6
JO8_1_t3_Grainl7
JO8_1 t3 Grainl8
JO8_1_t3_Grainl9
JO8 1 t3 Grain20
JO8_1 t3 Grain22
JO8_1_t3_Grain23
JO8 1 t3 Grain24
JO8 1 t3 Grain25
JO8_1_t3_Grain27
JO8_1 t3 Grain28
JO8_1_t3_Grain29
JO8 1 t3 Grain30
JO8_1 t3 Grain31
JO8_1_t3_Grain32
JO8 1 t3 Grain34
JO8 1 _t3 Grain35
JO8_1_t3_Grain36
JO8_1 t3 Grain37
JO8_1_t3_Grain38
JO8_1_t3_Grain39
JO8_1 t3_Graindl
JO8_1_t3_Grain42
JO8 1 t3 Grain43
JO8 1 _t3 Grain45
JO8_1_t3_Grain46

0.0595
0.0616
0.0528
0.0605
0.0558
0.0623
0.0741
0.0533
0.0597
0.0591
0.0561
0.0587
0.0587
0.0777
0.0646
0.0606
0.0622
0.1011
0.0517
0.0574
0.1160
0.0632
0.0574
0.0572
0.0553
0.0593
0.0601
0.0539
0.0639

8.8
5.6
63
5.1
54
6.0
4.5
9.6
6.0
44
5.6
53
34
24
6.6
72
6.9
25
6.1
6.4
27
48
8.2
59
6.7
9.5
64
5.9
5.5

10.1317
10.2775
21.1416
10.9890
21.8818
10.0503
5.9347
11.1607
10.3093
10.6724
10.1937
10.4167
10.9769
5.0684
9.5147
10.0604
9.9502
3.5945
22.6244
9.8328
3.0665
9.7561
11.3122
10.4275
22.9358
10.9890
10.4058
222717
10.6383

4.8
3.5
35
33
3.5
3.7
33
53
3.7
29
3.5
3.6
2.5
22
4.1
4.1
4.0
2.4
3.7
4.0
2.7
33
4.5
3.4
3.6
4.8
4.0
3.6
3.6

0.8097
0.8264
0.3443
0.7591
0.3516
0.8547
1.7215
0.6585
0.7984
0.7635
0.7588
0.7770
0.7373
2.1137
0.9361
0.8305
0.8619
3.8780
0.3151
0.8049
5.2157
0.8932
0.6996
0.7563
0.3324
0.7440
0.7963
0.3337
0.8282

10.0
6.6
72
6.1
6.4
7.0
5.6
10.9
7.0
53
6.6
6.4
4.2
32
7.7
83
8.0
34
7.1
7.5
3.8
5.8
9.3
6.8
7.6
10.6
7.5
6.9
6.6

0.0987
0.0973
0.0473
0.0910
0.0457
0.0995
0.1685
0.0896
0.0970
0.0937
0.0981
0.0960
0.0911
0.1973
0.1051
0.0994
0.1005
0.2782
0.0442
0.1017
0.3261
0.1025
0.0884
0.0959
0.0436
0.0910
0.0961
0.0449
0.0940

4.8
3.5
3.5
33
3.5
3.7
33
53
3.7
2.9
35
3.6
2.5
22
4.1
4.1
4.0
2.4
3.7
4.0
2.7
33
4.5
3.4
3.6
4.8
4.0
3.6
3.6

585
660
NA
622
NA
684
1044
342
593
571
456
556
556
1139
761
625
681
1644
NA
507
1895
715
507
499
NA
578
607
NA
738

194
126
NA
115
NA
132
96
221
134
102
130
121
82
56
142
159
152
55
NA
145
56
106
184
135
NA
209
142
NA
121

602
612
300
573
306
627
1017
514
596
576
573
584
561
1153
671
614
631
1609
278
600
1855
648
539
572
291
565
595
292
613

46
31
19
27
17
33
37
44
32
24
30
29
19
24
39
39
38
30
18
35
34
28
39
30
20
46
34
18
31

607
599
298
561
288
611
1004
553
597
577
603
591
562
1161
644
611
617
1582
279
624
1819
629
546
590
275
561
592
283
579

21

85.11
51.59
81.44
40.49
451
44.68
55.87
10.80
96.55
92.55
7.78
63.45
91.98
56.49
26.77
87.63
57.17
16.80
94.25
16.03
14.22
21.13
75.49
32.95
17.68
90.51
86.46
33.77
6.65

-3.65
9.34
NA
9.66
NA

10.66
3.86

-61.94
-0.69
-1.16

-32.20

-6.28

-1.09

-1.89

15.38
2.27
9.35
3.78
NA

-23.16

4.01

12.02

-7.72

-18.24
NA
2.89
2.58
NA

21.56

607
599
298
561
288
611
1004
553
597
577
603
591
562
1161
644
611
617
1644
279
624
1895
629
546
590
275
561
592
283
579

29
21

19
11
23
33
29
22
18
22
22
15
28
26
25
25
55
11
25
56
21
24
21
10
27
24
11
21
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JO8_1 t3_Grain47
JO8_1_t3_Grain48
JO8_1_t3_Grain49
JO8 1 t3_Grain50
JO8_1_t3_Grain51
JO8_1 t3 Grain53
JO8 1 _t3 Grain54
JO8 1 t3 Grain55
JO8_1 t3_Grain56
JO8_1_t3_Grain57
JO8 1 t3 Grain58
JO8_1_t3_Grain61
JO8_1_t3_Grain62
JO8_1 t3_Grain63
JO8_1_t3_Grain64
JO8 1 t3 Grain65
JO8_1 t3_Grain67
JO8_1_t3_Grain68
JO8 1 t3 Grain69
JO8 1 t3 Grain71
JO8_1_t3_Grain72
JO8_1 t3_Grain73
JO8 1 t3 Grain74
J08_1_t3_Grain75
JO8_1 t3_Grain76
JO8_1_t3_Grain78
JO8 1 t3 Grain79
JO8_1_t3_Grain80
JO8_1_t3_Grain81

0.0521
0.0586
0.0584
0.0589
0.1006
0.0568
0.0460
0.0572
0.0600
0.0546
0.0635
0.0569
0.0590
0.0594
0.0756
0.0570
0.0608
0.0610
0.0611
0.0608
0.0626
0.0530
0.0545
0.0858
0.0592
0.0531
0.0582
0.0603
0.0577

6.8
4.7
4.6
6.7
1.8
9.4
13.0
5.8
5.1
6.5
4.3
59
6.1
7.6
39
55
5.4
4.0
4.9
103
6.1
8.7
7.7
3.4
4.0
4.6
5.0
7.4
5.1

22.2222
10.5152
11.7233
11.4811
3.6127
8.9767
51.8135
10.3413
10.1523
22.6757
10.3199
12.4224
153610
11.0865
5.3735
14.4509
10.3520
10.1937
10.1215
10.1420
10.4167
21.0970
22.4719
4.4346
11.4943
21.4408
15.0512
10.0705
9.6061

39
32
3.0
3.7
1.9
5.1
6.4
35
33
3.9
29
3.8
3.6
42
29
34
3.4
2.7
3.1
5.4
3.8
3.8
44
29
2.9
3.0
2.7
4.2
32

0.3233
0.7684
0.6869
0.7074
3.8394
0.8724
0.1224
0.7626
0.8149
0.3320
0.8484
0.6316
0.5296
0.7387
1.9399
0.5439
0.8098
0.8251
0.8323
0.8266
0.8286
0.3464
0.3344
2.6677
0.7101
0.3415
0.5332
0.8256
0.8282

7.8
5.7
55
7.6
2.6
10.7
14.5
6.8
6.1
7.5
52
7.0
7.1
8.7
4.9
6.4
6.4
4.9
5.8
11.6
7.2
9.5
8.9
4.5
5.0
5.5
5.6
8.5
6.0

0.0450
0.0951
0.0853
0.0871
0.2768
0.1114
0.0193
0.0967
0.0985
0.0441
0.0969
0.0805
0.0651
0.0902
0.1861
0.0692
0.0966
0.0981
0.0988
0.0986
0.0960
0.0474
0.0445
0.2255
0.0870
0.0466
0.0664
0.0993
0.1041

39
3.2
3.0
3.7
1.9
5.1
6.4
35
33
39
29
38
3.6
42
29
3.4
3.4
2.7
3.1
5.4
3.8
3.8
4.4
29
29
3.0
2.7
42
32

NA
552
545
563
1635
484
NA
499
604
NA
725
NA
NA
582
1084
NA
632
639
643
632
695
NA
NA
1334
574
NA
NA
614
518

NA
109
106
149
45
211
NA
132
116
NA
98
NA
NA
168
84
NA
122
93
111
226
134
NA
NA
73
94
NA
NA
163
116

284
579
531
543
1601
637
117
576
605
291
624
497
432
562
1095
441
602
611
615
612
613
302
293
1320
545
298
434
611
613

20
26
23
33
24
51
16
30
28
19
25
28
25
38
34
24
30
23
28
54
34
25
23
35
22
15
20
40
28

284
586
528
538
1575
681
123
595
606
278
596
499
407
557
1100
431
594
603
607
606
591
299
281
1311
538
294
415
610
638

21

95.55
65.84
81.69
77.04
7.32
12.69
45.55
25.32
97.77
18.08
3.52
89.92
10.35
78.29
80.00
36.10
62.38
57.96
63.62
86.80
24.20
79.53
33.80
68.73
58.11
55.80
6.90
96.56
7.08

NA
-6.04
3.14
4.44
3.67
-40.74
NA
-19.19
-0.34
NA
17.77
NA
NA
4.31
-1.45
NA
5.97
5.63
5.50
4.11
14.93
NA
NA
1.71
6.39
NA
NA
0.66
-23.15

284
586
528
538
1635
681
123
595
606
278
596
499
407
557
1100
431
594
603
607
606
591
299
281
1311
538
294
415
610
638

11
19
17
21
45
34

21
21
11
18
19
15
24
33
15
21
18
20
32
23
12
13
38
16

26
21
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JO8_1 t3_Grain82
JO8_1_t3_Grain84
JO8_1_t3_Grain85
JO8_1_t3_Grain86
JO8_1_t3_Grain87
JO8_1 t3 Grain88
JO8_1_t3_Grain89
JO8 1 t3 Grain90
JO8_1 t3 Grain93
JO8_1_t3_Grain96
JO8 1 t3 Grain98
JO8_1_t3_Grain99
Rejected Analyses
JO8 1 t3 Grainlll
JO8_1_t3_Grain26
JO8 1 t3 Grain40
JO8_1 t3_Grain52
JO8_1_t3_Grain66
JO8_1_t3_Grain70
JO8 1 t3 Grain77
JO8_1_t3_Grain83
JO8 1 t3 Grain92
JO8 1 t3 Grain95

0.0617
0.0614
0.0573
0.0532
0.0577
0.0597
0.0583
0.1109
0.0566
0.0559
0.0605
0.0562

0.0770
0.0950
0.1309
0.1206
0.0603
0.0680
0.0747
0.1159
0.1046
0.0635

3.4
6.0
5.1
6.4
3.6
4.0
4.9
29
52
6.7
4.8
5.8

6.6
8.3
3.8
2.7
6.2
5.5
42
1.8
25
4.8

9.8814
10.0705
10.9769
20.9205
10.1523
10.0402
14.8148

3.3047
18.1818
10.2775

9.2764
14.7493

10.3842
9.4073
2.8498
3.0497
21.9298
21.2766
15.3610
4.7281
5.7637
11.4416

2.5
3.7
33
3.8
2.6
2.9
32
2.6
3.6
4.0
32
3.5

42
3.6
3.0
2.7
3.6
35
32
2.0
3.0
3.4

0.8609
0.8407
0.7197
0.3506
0.7836
0.8199
0.5426
4.6270
0.4292
0.7499
0.8992
0.5254

1.0224
1.3924
6.3332
5.4524
0.3791
0.4407
0.6705
3.3798
2.5023
0.7652

4.2
7.1
6.1
7.4
4.5
4.9
5.9
39
6.3
7.8
5.8
6.8

7.9
9.1
4.8
3.8
7.2
6.6
5.3
2.7
39
59

0.1012
0.0993
0.0911
0.0478
0.0985
0.0996
0.0675
0.3026
0.0550
0.0973
0.1078
0.0678

0.0963
0.1063
0.3509
0.3279
0.0456
0.0470
0.0651
0.2115
0.1735
0.0874

2.5
3.7
33
3.8
2.6
2.9
32
2.6
3.6
4.0
32
35

42
3.6
3.0
2.7
3.6
35
32
2.0
3.0
34

664
653
503
NA
518
593
NA
1814
NA
448
622
NA

1121
1528
2110
1965
NA
NA
NA
1894
1707
725

80
134
118
NA

87

92
NA

59
NA
153
108
NA

136
160
72
56
NA
NA
NA
43
53
106

631
620
551
305
588
608
440
1754
363
568
651
429

715
886
2023
1893
326
371
521
1500
1273
577

21
33
27
20
21
23
22
34
20
34
28
24

41
54
44
35
20
21
22
23
30
26

621
610
562
301
606
612
421
1704
345
599
660
423

593
651
1939
1828
287
296
407
1237
1031
540

25
24
55
48
11

14
27
32

38.67
63.80
44.38
68.07
10.20
74.01
15.07
1.40
6.59
10.75
58.95
66.88

0.00
0.00
0.14
0.35
0.03
0.00
0.00
0.00
0.00
0.71

6.37
6.58
-11.72
NA
-16.83
-3.26
NA
6.06
NA
-33.49
-6.19
NA

47.14
57.38
8.11
6.97
NA
NA
NA
34.70
39.59
25.50

621
610
562
301
606
612
421
1814
345
599
660
423

17
23
19
12
17
19
14
59
13
24
22
15
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20EJ09 — Hebron M-04 — Hibernia Formation (Upper) — Core # 3, box 26-33

Isotopic ratios® Isotopic ages
Soot Namme MBb s PUL 25 BB 2s, P/ s, BB dsgw VBB dsew BB dsew e % OO ag,
P Pb (%) MPb (%) PP (4) U (k) Pb (Ma) PP (Ma) U (Ma) R conc® R (Ma)
0
J09 1 Grain03 0.0532 4.0 15.9744 2.7 0.4592 4.8 0.0626 2.7 NA NA 384 16 391 12 40.82 NA 391 12

J09_1_t2_Grain01 0.0897 25 4.0683 2.3 3.0400 34 0.2458 2.3 1419 56 1418 28 1417 34 95.99 0.17 1417 34
JO9 1 t2 Grain02 0.0568 4.8 10.1833 3.1 0.7691 5.8 0.0982 3.1 484 113 579 26 604 20 698  -24.82 604 20
J09_1_t2_Grain03 0.0617 35 10.4822 2.7 0.8116 4.4 0.0954 2.7 664 81 603 21 587 17 11.83  11.50 587 17
J09_1 t3_Grain01 0.0973 2.1 3.4990 2.0 3.8342 2.9 0.2858 2.0 1573 48 1600 26 1621 35 16.15  -3.02 1573 48

J09_1_t3_Grain03 0.0647 4.8 9.5329 32 0.9358 5.8 0.1049 32 765 107 671 29 643 22 6.20 15.90 643 22
J09_1_t3_Grain04 0.0562  12.5 11.9904 6.1 0.6463 13.9  0.0834 6.1 460 281 506 56 516 31 7223 -12.19 516 31
JO9_1 t3 Grain05 0.0517 4.6 21.7108 3.0 0.3283 5.5 0.0461 3.0 NA NA 288 14 290 9 78.30 NA 290 9
J09_1_t3_Grain06 0.0534 5.7 14.9925 3.4 0.4911 6.6 0.0667 34 NA NA 406 23 416 15 38.85 NA 416 15
J09_1_t3_Grain07 0.0541 7.2 13.2979 4.1 0.5609 8.2 0.0752 4.1 NA NA 452 31 467 19 38.70 NA 467 19
J09_1_t3_Grain08 0.0596 5.2 11.9760 3.1 0.6862 6.0 0.0835 3.1 589 117 530 25 517 17 35.06 12.24 517 17

J09_1_t3_Grain09 0.0804 32 4.7393 2.6 2.3391 4.1 0.2110 2.6 1207 71 1224 31 1234 33 5521  -2.26 1234 33

JO9 1 t3_Grainl01  0.0523 6.9  21.7391 39 0.3317 7.9 0.0460 39 NA NA 291 20 290 12 92.87 NA 290 12
JO9 1 t3_Grainl02 0.0524 4.7  21.9780 3.1 0.3287 5.7 0.0455 3.1 NA NA 289 15 287 10 83.58 NA 287 10
J09_1_t3_Grainl03  0.0647 3.7 9.0827 2.8 0.9822 4.6 0.1101 2.8 765 84 695 24 673 20 11.59  11.94 673 20

JO9 1 t3_Grainl04 0.1107 2.1 3.0893 2.3 4.9407 32 0.3237 2.3 1811 48 1809 29 1808 42 92.43 0.17 1811 48

J09_1_t3_Grainl05 0.0547 4.0 21.0084 2.7 0.3590 4.8 0.0476 2.7 NA NA 311 13 300 9 9.44 NA 300 9
J09_1_t3_Grainl06  0.0602 3.7 11.0497 2.7 0.7512 4.6 0.0905 2.7 611 87 569 21 558 16 43.26 8.56 558 16
J09_1 t3_Grainll 0.0572 4.0 10.7296 2.8 0.7350 4.9 0.0932 2.8 499 95 560 22 574 17 2397 -15.06 574 17
J09_1_t3_Grainl2 0.0586 6.5 10.0503 4.0 0.8039 7.6 0.0995 4.0 552 147 599 35 611 24 53.63 -10.72 611 24
J09_1 t3_Grainl4 0.0638 5.1 10.7643 3.4 0.8172 6.1 0.0929 34 735 113 606 29 573 20 3.16 22.09 573 20

JO9_1_t3_Grainl5 0.0744 49 5.9067 34 1.7367 59 0.1693 34 1052 103 1022 39 1008 34 56.73 4.19 1008 34
J09_1_t3_Grainl6 0.0505 6.0 17.5131 3.7 0.3976 7.0 0.0571 3.7 NA NA 340 21 358 14 8.37 NA 358 14
JO9_1 t3_Grainl7 0.0792 2.1 4.7619 2.1 2.2932 3.0 0.2100 2.1 1177 52 1210 23 1229 28 10.28  -4.39 1229 28
J09_1_t3_Grainl8 0.0543 8.1 16.0256 4.7 0.4672 9.3 0.0624 4.7 NA NA 389 30 390 18 95.14 NA 390 18
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JO9 1 t3_Grainl9
J09_1_t3_Grain20
J09 1 t3 Grain2l
J09_1_t3_Grain22
J09_1_t3_Grain23
J09_1 t3_Grain24
J09 1 _t3 Grain25
JO9 1 t3 Grain26
JO9_1 t3_Grain27
J09_1_t3_Grain29
J09 1 t3 Grain30
J09_1_t3_Grain31
J09_1_t3_Grain32
JO9 1 t3_Grain33
J09_1_t3_Grain34
JO9 1 t3 Grain35
J09_1 t3_Grain36
J09_1_t3_Grain37
J09_1_t3_Grain38
J09_1_t3_Grain39
J09_1_t3_Graindl
JO9 1 t3_Grain43
J09_1_t3_Grain44
J09_1_t3_Grain47
JO9 1 t3_Grain48
J09_1_t3_Grain49
JO9 1 t3 Grain50
J09 1 t3 Grain51
J09_1_t3_Grain52

0.1295
0.0610
0.0620
0.1152
0.0527
0.0551
0.1835
0.0553
0.0599
0.0567
0.0560
0.0609
0.0645
0.0601
0.1305
0.0730
0.0609
0.0583
0.0519
0.0607
0.0815
0.0602
0.0616
0.0566
0.0599
0.0599
0.0585
0.0587
0.0763

43
6.4
2.4
3.7
6.3
22
6.3

6.6
4.9
5.1
9.2
3.1
1.6
2.5
7.1
7.6

4.1
33
4.1
8.2
83
6.7
6.1
7.6
32
33

2.6724
9.3545
10.3734
3.0760
20.0562
14.7493
1.9194
9.8135
9.9305
15.2672
11.1607
9.7561
9.6618
9.7752
2.5400
5.5494
12.9366
12.2699
20.3252
10.5485
4.6490
10.0100
10.6045
9.6525
10.1420
14.7929
14.9477
12.5786
5.2411

1.8
29
3.9
2.4
2.6
3.8
2.6
3.6
33
4.0
32
3.6
5.5
2.3
1.9
22
4.1
43
3.5
2.8
2.6
2.8
4.6
4.7
4.1
3.8
43
24
2.6

6.6815
0.8991
0.8241
5.1638
0.3623
0.5151
13.1818
0.7770
0.8317
0.5121
0.6918
0.8607
0.9205
0.8477
7.0840
1.8138
0.6491
0.6551
0.3521
0.7934
2.4171
0.8292
0.8009
0.8085
0.8143
0.5583
0.5396
0.6434
2.0073

2.3
5.2
7.4
3.4
4.6
7.4
3.4
72
6.3
7.8
5.8
6.2
10.8
3.8
2.4
3.4
8.2
8.7
6.4
5.0
4.2
4.9
9.4
9.5
7.9
7.2
8.7
4.0
42

0.3742
0.1069
0.0964
0.3251
0.0499
0.0678
0.5210
0.1019
0.1007
0.0655
0.0896
0.1025
0.1035
0.1023
0.3937
0.1802
0.0773
0.0815
0.0492
0.0948
0.2151
0.0999
0.0943
0.1036
0.0986
0.0676
0.0669
0.0795
0.1908

1.8
29
39
24
2.6
3.8
2.6
3.6
33
4.0
3.2
3.6
5.5
2.3
1.9
22
4.1
43
3.5
2.8
2.6
2.8
4.6
4.7
4.1
3.8
43
2.4
2.6

2091
639
674
1883
NA
NA
2685
424
600
NA
452
636
758
607
2105
1014
NA
541
NA
629
1234
611
660
476
600
NA
NA
NA
1103

38
98
140
52
NA
NA
45
144
120
NA
114
115
199
74
39

NA
170

NA
95

94
181
188
150
NA
NA
NA

73

2070
651
610
1847
314
422
2693
584
615
420
534
630
663
623
2122
1050
508
512
306
593
1248
613
597
602
605
450
438
504
1118

24
26
35
31
13
26
35
33
30
27
25
30
53
19
25
24
33
36
17
23
32
24
43
44
36
27
31
17
30

2049
655
593
1815
314
423
2703
626
619
409
553
629
635
628
2140
1068
480
505
310
584
1256
614
581
635
606
422
417
493
1126

39
20
23
44

16
65
23
21

19
23
35
16
42
26
20
2
11

33
18
27
29
25
17
18
13
30

14.36
80.04
41.67
8.80
97.14
94.58
65.10
3.95
80.51
46.40
10.33
92.28
33.08
65.37
28.40
14.61
12.44
74.85
68.67
50.63
66.60
96.10
49.78
20.54
94.83
6.10
24.49
14.99
68.57

2.01
-2.42
11.99

3.63

NA

NA
-0.70

-47.40

-3.09

NA

-22.28

1.05
16.25
-3.41
-1.68
-5.34

NA

6.65

NA

7.12
-1.82
-0.50
12.02

-33.51

-1.04

NA

NA

NA
-2.06

2091
655
593
1883
314
423
2685
626
619
409
553
629
635
628
2105
1068
480
505
310
584
1256
614
581
635
606
422
417
493
1126
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JO9 1 t3_Grain53
J09_1_t3_Grain54
J09_1_t3_Grain55
J09_1 t3_Grain56
J09_1_t3_Grain57
J09_1 t3_Grain59
J09_1_t3_Grain60
J09 1 t3 Grain6l
JO9_1 t3_Grain62
J09_1_t3_Grain63
J09 1 t3 Grain64
J09 1 t3 Grain65
J09_1_t3_Grain67
J09_1 t3_Grain68
J09_1_t3_Grain69
JO9 1 t3 Grain71
J09_1 t3_Grain72
J09_1_t3_Grain73
JO9 1 t3 Grain74
J09 1 t3 Grain75
J09_1_t3_Grain76
JO9 1 t3 Grain77
J09 1 t3 Grain79
J09_1_t3_Grain80
JO9 1 t3_Grain8l
J09_1_t3_Grain82
JO9 1 t3 Grain83
J09_1_t3_Graing4
J09_1_t3_Grain85

0.1029
0.1247
0.0581
0.0533
0.1058
0.2272
0.0612
0.0616
0.1612
0.0624
0.1245
0.0810
0.0539
0.0630
0.0593
0.0630
0.0882
0.0613
0.0606
0.0551
0.0616
0.0572
0.0574
0.1098
0.0577
0.0832
0.0615
0.0535
0.0558

32
2.5
52
38
22
0.8
5.9
5.6
2.5
52
2.1
22
57
12.9
49
4.1
33
6.3
6.4
6.9
44
5.8
7.0
2.6
6.4
33
77
4.6
4.6

3.5026
2.8563
14.5138
20.3500
3.3003
1.6722
9.8619
9.5147
2.2124
10.3093
2.5913
4.6232
14.9254
15.0602
10.6270
9.0090
42772
9.1241
11.3766
16.1551
10.7181
14.6413
15.2207
3.1716
10.1317
5.0531
9.9206
14.7275
15.9744

29
2.6
3.2
2.8
22
1.6
3.7
3.6
29
34
2.3
2.1
3.4
6.5
32
29
2.8
4.0
39
4.0
2.9
3.8
4.1
2.5
4.0
2.7
4.3
29
32

4.0506
6.0195
0.5519
0.3611
4.4201
18.7331
0.8556
0.8927
10.0463
0.8346
6.6244
2.4157
0.4979
0.5768
0.7694
0.9642
2.8432
0.9263
0.7345
0.4703
0.7924
0.5387
0.5200
4.7734
0.7852
2.2702
0.8547
0.5009
0.4816

44
3.6
6.1
47
3.1
1.8
7.0
6.7
38
6.2
3.1
3.0
6.6

14.4
5.8
5.0
43
75
75
8.0
52
6.9
8.1
36
7.6
43
3.8
55
5.6

0.2855
0.3501
0.0689
0.0491
0.3030
0.5980
0.1014
0.1051
0.4520
0.0970
0.3859
0.2163
0.0670
0.0664
0.0941
0.1110
0.2338
0.1096
0.0879
0.0619
0.0933
0.0683
0.0657
0.3153
0.0987
0.1979
0.1008
0.0679
0.0626

29
2.6
32
2.8
22
1.6
3.7
3.6
29
3.4
2.3
2.1
3.4
6.5
32
2.9
2.8
4.0
39
4.0
29
3.8
4.1
2.5
4.0
2.7
43
29
32

1677
2025
NA
NA
1728
3032
646
660
2468
688
2022
1221
NA
NA
578
708
1387
650
625
NA
660
NA
NA
1796
518
1274
657
NA
NA

66
52
NA
NA
49
28
132
125
50
115
46
53
NA
NA
111
93
69
141
143
NA
99
NA
NA
55
146
71
169
NA
NA

1644
1979
446
313
1716
3028
628
648
2439
616
2063
1247
410
462
579
685
1367
666
559
391
593
438
425
1780
588
1203
627
412
399

37
34
23
13
28
21
33
33
37
29
30
24
23
54
26
26
34
37
33
26
24
25
28
32
34
32
42
19
19

1619
1935
430
309
1706
3022
623
644
2404
597
2104
1262
418
414
580
679
1354
670
543
387
575
426
410
1767
607
1164
619
423
391

28.02
1.37
23.44
54.37
59.02
59.72
77.26
83.56
18.49
25.47
1.96
22.38
60.53
9.81
98.21
62.85
55.34
82.41
46.22
78.53
25.46
36.64
39.17
49.97
34.24
2.63
74.74
29.36
42.60

3.46
4.42
NA
NA
1.28
0.35
3.66
243
2.60
13.24
-4.06
-3.34
NA
NA
-0.28
4.19
234
3.18
13.11
NA
12.91
NA
NA
1.63
-17.05
8.63
5.74
NA
NA

1677
2025
430
309
1728
3032
623
644
2468
597
2022
1262
418
414
580
679
1354
670
543
387
575
426
410
1796
607
1164
619
423
391
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JO9 1 t3_Grain87 0.0610 5.8 10.0604 3.6 0.8360 6.8 0.0994 3.6 639 129 617 32 611 22 75.23 4.43 611 22
J09_1_t3_Grain89 0.0639 4.1 10.6610 2.8 0.8264 5.0 0.0938 2.8 738 93 612 24 578 17 1.46 21.72 578 17
J09_1_t3_Grain90 0.1083 2.8 3.3091 2.6 4.5126 3.9 0.3022 2.6 1771 59 1733 34 1702 44 23.60 3.89 1771 59
JO9_1 t3_Grain91 0.0577 49 11.3250 32 0.7025 5.8 0.0883 32 518 113 540 25 545 18 7237  -5.23 545 18
J09_1_t3_Grain93 0.1283 1.6 2.6062 1.9 6.7877 2.5 0.3837 1.9 2075 39 2084 25 2094 42 48.54  -0.90 2075 39

J09_1 t3_Grain96 0.0576 4.3 11.8203 3.0 0.6719 52 0.0846 3.0 515 100 522 22 524 16 8898 -1.74 524 16
J09_1_t3_Grain98 0.0627 43 9.9602 3.0 0.8680 5.3 0.1004 3.0 698 97 634 26 617 20 17.97  11.65 617 20
J09_1_t3_Grain99 0.0613 8.6 10.8932 4.6 0.7759 9.7 0.0918 4.6 650 188 583 44 566 26 48.60  12.87 566 26
J09_2 Grain01 0.0610 3.9 10.0100 2.5 0.8402 4.6 0.0999 25 639 90 619 22 614 17 62 4 614 17
J09_2_Grain02 0.0608 5.4 10.1833 2.7 0.8232 6.0 0.0982 2.7 632 121 610 28 604 17 69 4 604 17
Rejected Analyses

J09_1_Grain01 0.1284 1.6 2.8686 1.9 6.1715 25 0.3486 1.9 2076 39 2000 25 1928 39 0.00 7.14

J09_1_Grain02 0.1355 1.8 2.6504 2.0 7.0490 2.7 0.3773 2.0 2170 41 2118 27 2064 43 0.20 4.92

JO9 1 t3_Grainl00 0.2014 1.2 1.9186 1.9 14.4732 2.3 0.5212 1.9 2838 32 2781 25 2704 52 0.00 4.70
JO9_1_t3_Grain40 0.1344 1.1 3.2362 3.0 5.7261 32 0.3090 3.0 2156 33 1935 30 1736 50 0.00 19.50
J09_1_t3_Grain42 0.0573 5.0 22.7531 33 0.3472 6.0 0.0440 33 NA NA 303 16 277 10 0.08 NA

J09_1 t3_Grain45 0.1661 2.1 2.6316 2.8 8.7027 3.5 0.3800 2.8 2519 44 2307 34 2076 56 0.00 17.57
J09_1_t3_Grain66 0.0611 2.1 11.5340 2.0 0.7304 2.9 0.0867 2.0 643 55 557 14 536 12 0.00 16.61
J09_1_t3_Grain78 0.2263 0.8 1.7596 1.4 17.7322 1.6 0.5683 1.4 3026 28 2975 20 2901 45 0.00 4.14
JO9_1_t3_Grain95 0.0685 22 10.3627 29 09114 3.7 0.0965 29 884 55 658 19 594 18 0.00 32.80
J09_2_Grain03 0.1643 1.5 2.3057 2.0 9.8249 2.5 0.4337 2.0 2500 37 2418 27 2322 47 0 7

!Concentration uncertainty 5%
Data not corrected for common lead
3Concordance calculated as (*°°Pb/>*3U age/*"Pb-2*Pb Age)*100

*Accepted dates have probability of concordance >1%
Decay constants of Jaffey et al. (1971) used with modification after Mattinson (1987)
bd = below detection, NA = not available

sx includes all random uncertainties (Sm, €); Stotal includes all random and systematic uncertainties (sm, €, €', sy, A)
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A.2 Detrital zircon fission-track and U-Pb data

20EJO01 - West Bonne Bay F-12 — Hibernia Formation (Upper) — Core # 1, boxes 110-113

Spot Name U/Si +2SE Ns Area (um) & +2SE ZFT Age 2SE (Ma) ;iei;z) (21\8/‘[‘;;")' Cooling-Type
JO1 1 Grain0O1 0.000606 0.000132 208 900 0.022746 0.001215 420 96 622 24 EXHUMATIONAL
JO1_1_t2_Grain01  0.000984 0.000072 172 900 0.022746 0.001215 217 23 291 12 EXHUMATIONAL
JO1_1_t2 Grain02  0.001000 0.000022 179 900 0.022746 0.001215 222 17 587 20 EXHUMATIONAL
JO1_1_t2_Grain03  0.000502 0.000040 135 900 0.022746 0.001215 331 39 591 24 EXHUMATIONAL
JO1_1_t2 Grain04  0.000728 0.000049 133 900 0.022746 0.001215 227 25 641 23 EXHUMATIONAL
JO1_1_t2 Grain05  0.001127 0.000056 243 900 0.022746 0.001215 267 22 281 11 MAGMATIC
JO1_1_t2_Grain06  0.001236 0.000024 261 900 0.022746 0.001215 261 17 546 17 EXHUMATIONAL
JO1_1_t2 Grain07  0.000634 0.000015 221 900 0.022746 0.001215 426 30 603 22 EXHUMATIONAL
JO1_1_t2_Grain08  0.000713 0.000017 176 900 0.022746 0.001215 304 24 534 19 EXHUMATIONAL
JO1_1_t2_Grain09  0.000527 0.000025 198 900 0.022746 0.001215 458 39 582 22 EXHUMATIONAL
JO1_1_t2 Grainl0  0.000595 0.000030 248 900 0.022746 0.001215 506 41 586 21 EXHUMATIONAL
JO1_1_t2_Grainll  0.000967 0.000018 232 900 0.022746 0.001215 296 20 538 18 EXHUMATIONAL
JO1_1_t2 Grainl2  0.000642 0.000012 197 900 0.022746 0.001215 377 28 597 21 EXHUMATIONAL
JO1_1 t3 Grain03  0.000275 0.000023 117 900 0.022746 0.001215 517 65 557 27 MAGMATIC
JO1_1_t3_Grain06  0.000510 0.000017 105 900 0.022746 0.001215 255 26 426 19 EXHUMATIONAL
JO1_1_t3_Grainl5  0.000578 0.000011 149 900 0.022746 0.001215 318 27 579 23 EXHUMATIONAL
JO1_1_t3_Grainl6  0.000362 0.000008 115 900 0.022746 0.001215 390 37 1811 70 EXHUMATIONAL
JO1_1_t3_Grainl9  0.000480 0.000007 134 900 0.022746 0.001215 343 30 603 25 EXHUMATIONAL
JO1 1 t3 Grain22 0.000653 0.000026 108 900 0.022746 0.001215 206 21 633 23 EXHUMATIONAL
JO1_1_t3_Grain25  0.000250 0.000008 105 900 0.022746 0.001215 511 52 586 29 MAGMATIC
JO1_1_t3_Grain27  0.000496 0.000008 170 900 0.022746 0.001215 419 33 621 24 EXHUMATIONAL
JO1_1_t3_Grain31  0.000505 0.000010 109 900 0.022746 0.001215 267 26 596 24 EXHUMATIONAL
JO1_1_t3_Grain34  0.000731 0.000028 143 900 0.022746 0.001215 242 22 587 21 EXHUMATIONAL
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JO1_1 t3 Grain40
JO1_1_t3_Grain46
JO1 1 t3 Grain48
JO1_1_t3_Grain49
JO1_1_t3_Grain68
JO1_1 t3_Grain73
JO1_1 t3 Grain76
JO1_1 t3 Grain84
JO1_1 t3 Grain89
JO1_1_t3_Grain91
JO1 2 Grain01
JO1_2 Grain02
JO1_2 Grain03
JO1_2 Grain04
JO1_2 Grain05
JO1_2 Grain06
JO1_2 Grain07
JO1 2 Grain08
JO1_2 Grain09
JO1_2 Grainl0
JO1_2 Grainll
JO1_2 Grainl2
JO1_2 Grainl3
JO1_2 Grainl4
JO1_2 Grainl5
JO1_2 Grainl6

JO1 2 Grainl7
Rejected Analyses
JO1 2 Grainl8

0.000509
0.000607
0.000339
0.000815
0.000644
0.000539
0.000600
0.000430
0.000364
0.000925
0.001597
0.000736
0.000685
0.001710
0.000353
0.000487
0.000649
0.000949
0.000593
0.000979
0.000981
0.000600
0.000925
0.000613
0.000557
0.000625
0.000700

0.000350

0.000021
0.000011
0.000008
0.000019
0.000034
0.000013
0.000020
0.000007
0.000009
0.000033
0.000022
0.000017
0.000017
0.000078
0.000021
0.000010
0.000034
0.000028
0.000015
0.000054
0.000025
0.000014
0.000035
0.000011
0.000020
0.000041
0.000012

0.000017

147
161
143
200
145
116
275
114

139
263
194
199
248
131
190
201
216
146
220
157
148
187
238
185
193
191

226

900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900

900

0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091

0.025091

0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302

0.001302

355
327
512
303
279
266
555
326
295
187
226
358
393
199
498
522
418
310
334
306
219
335
276
520
447
417
369

843

69

574
589
547
556
1493
592
1827
532
2146
599
607
604
677
328
570
968
545
286
587
606
596
541
294
987
627
606
620

1081

22
22
25
19
39
23
52
22
51
19
15
18
19

20
28
16

17
17
16
17

26
18
18
18

30

EXHUMATIONAL
EXHUMATIONAL
MAGMATIC
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
MAGMATIC
EXHUMATIONAL
EXHUMATIONAL
MAGMATIC
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
MAGMATIC
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL

EXHUMATIONAL

123



20EJ02 - West Bonne Bay F-12 — Hibernia Formation (Upper) — Core # 1, boxes 92-96

Spot Name U/Si +2SE Ns Area (um) & +2SE ZFT Age 2SE (Ma) ES‘:SE) (21\5/‘10;)1 Cooling-Type
J02_1_ Grain01 0.001057 0.000046 245 900 0.022746 0.001215 286 22 634 20 EXHUMATIONAL
J02_1_Grain02 0.000961 0.000040 221 900 0.022746 0.001215 284 23 1856 48 EXHUMATIONAL
J02_1_t2_Grain01 0.001199 0.000034 198 900 0.022746 0.001215 205 16 285 11 EXHUMATIONAL
J02_1_t2_Grain02 0.001053 0.000047 188 900 0.022746 0.001215 222 19 547 18 EXHUMATIONAL
J02_1_t2_Grain03 0.001091 0.000022 228 900 0.022746 0.001215 259 18 551 18 EXHUMATIONAL
J02_1 t2 Grain04 0.002196 0.000090 228 900 0.022746 0.001215 130 10 580 16 EXHUMATIONAL
J02_1_t2_Grain05 0.000836 0.000040 200 900 0.022746 0.001215 295 25 600 20 EXHUMATIONAL
J02_1_t2_Grain06 0.001772 0.000044 261 900 0.022746 0.001215 184 12 335 11 EXHUMATIONAL
J02_1_t2_Grain07 0.001248 0.000090 287 900 0.022746 0.001215 284 26 607 19 EXHUMATIONAL
J02_1_t2_Grain08 0.000962 0.000019 246 900 0.022746 0.001215 315 21 594 19 EXHUMATIONAL
J02_1_t2_Grain09 0.001530 0.000028 261 900 0.022746 0.001215 212 14 551 16 EXHUMATIONAL
J02_1_t3_Grain03 0.000485 0.000011 128 900 0.022746 0.001215 325 30 590 24 EXHUMATIONAL
J02_1_t3_Grainl05  0.001084 0.000048 177 900 0.022746 0.001215 203 18 299 12 EXHUMATIONAL
J02_1_t3 Grainl08  0.000448 0.000020 161 900 0.022746 0.001215 439 40 565 23 EXHUMATIONAL
J02_1_t3_Grainl09  0.001228 0.000046 233 900 0.022746 0.001215 235 18 297 11 EXHUMATIONAL
J02_1_t3_Grainl14  0.002016 0.000072 160 900 0.022746 0.001215 100 9 596 16 EXHUMATIONAL
J02_1_t3 Grainl20  0.000526 0.000038 157 900 0.022746 0.001215 366 39 613 23 EXHUMATIONAL
J02_1_t3_Grainl26  0.000285 0.000006 153 900 0.022746 0.001215 645 54 933 35 EXHUMATIONAL
J02_1_t3_Grainl43  0.000756 0.000066 200 900 0.022746 0.001215 326 37 435 17 EXHUMATIONAL
J02_1_t3_Grainl54  0.001278 0.000156 110 900 0.022746 0.001215 108 17 566 17 EXHUMATIONAL
J02_1_t3_Grainl56  0.000493 0.000012 176 900 0.022746 0.001215 436 35 1094 34 EXHUMATIONAL
J02_1 t3_Grainl8 0.000529 0.000018 184 900 0.022746 0.001215 425 35 618 24 EXHUMATIONAL
J02_1_t3_Grain20 0.000409 0.000007 168 900 0.022746 0.001215 499 39 600 26 EXHUMATIONAL
J02_1_t3_Grain29 0.002226 0.000144 163 900 0.022746 0.001215 92 9 293 10 EXHUMATIONAL
J02_1_t3_Grain30 0.001350 0.000120 143 900 0.022746 0.001215 132 16 318 12 EXHUMATIONAL
J02_1_t3_Grain33 0.000856 0.000015 89 900 0.022746 0.001215 130 14 613 20 EXHUMATIONAL

124



J02_1 t3_Grain34
J02_1_t3_Grain39
J02 1 t3 Grain42
J02_1 t3 Grain50
J02_1_t3_Grain57
J02_1 t3_Grain60
J02_1_t3_Grain64
J02_1_t3_Grain70
J02_1 t3_Grain72
J02_1_t3_Grain80
J02 1 t3 Grain81
J02_1_t3_Grain89
JO2_1 t3 Grain9l
J02 1 t3 Grain93
J02_2 Grain01
J02_2 Grain02
J02_2 Grain03
J02_2 Grain05
J02_2 Grain06
J02_2 Grain07
J02_2 Grain08
J02_2 Grain09
J02_2 Grainl0
JO2_2 Grainl1
J02_2 Grainl2
JO2_2 Grainl3
J02_2 Grainl4
J02_2 Grainl5
J02_2 Grainl6

0.000339
0.001122
0.000431
0.000287
0.000839
0.000508
0.001326
0.000337
0.001017
0.000607
0.001326
0.000350
0.000939
0.000588
0.000388
0.001412
0.000623
0.000946
0.000784
0.000494
0.000809
0.001410
0.000303
0.000827
0.000666
0.001065
0.000444
0.000604
0.000476

0.000013
0.000058
0.000007
0.000011
0.000017
0.000021
0.000039
0.000016
0.000017
0.000024
0.000078
0.000008
0.000037
0.000023
0.000010
0.000039
0.000011
0.000014
0.000012
0.000015
0.000019
0.000084
0.000025
0.000013
0.000011
0.000017
0.000007
0.000011
0.000012

165
171
97
81
137
195
138
136
127
156
143
130
131
156
114
133
132
168
172
134
192
195
157
179
208
162
112
155
196

900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900

0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.022746
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091

0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001215
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302

587
190
278
347
203
468
130
491
156
317
135
453
174
327
397
130
289
243
299
368
322
190
685
295
421
209
342
348
550

51
18
29
41
18
39
12
48
14
28
14
41
17
29
39
12
26
19
23
34
24
18
78
23
30
17
33
29
42

625
554
609
640
1806
561
926
604
380
610
588
1024
1181
627
544
593
1389
417
2099
2753
600
291
1072
616
1359
533
1711
1650
982

26
19
24
29
48
22
24
27
14
23
18

31
23
19
16
34
12
40
36
17

31
18
33
15
62
54
26

MAGMATIC
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL

125



J02_2 Grainl7 0.000962 0.000024 154 900 0.025091 0.001302 219 19 1274 28 EXHUMATIONAL
J02_2_Grainl8 0.001342 0.000025 143 900 0.025091 0.001302 147 13 287 9 EXHUMATIONAL
J02_2 Grainl9 0.001357 0.000016 155 900 0.025091 0.001302 157 13 297 9 EXHUMATIONAL
Rejected Analyses

J02_1_t3_Grainl6l  0.000383 0.000024 149 900 0.022746 0.001215 473 49 410 20

J02_1 t3_Grain58 0.000200 0.000005 153 900 0.022746 0.001215 899 77 2738 53

20EJO03 - West Bonne Bay F-12 — Hibernia Formation (Upper) — Core # 1, boxes 24-30
. U-Pb 2S00l .

Spot Name U/Si +2SE Ns Area (um) 3 +2SE ZFT Age 2SE (Ma) f;;g ) (l\/ﬁa) Cooling-Type
JO3_1_Grain01 0.001446 0.000120 160 900 0.022750 0.001000 138 16 594 17 EXHUMATIONAL
J03_1_Grain02 0.000775 0.000029 200 900 0.022750 0.001000 318 25 2041 44 EXHUMATIONAL
JO3_1 t2 Grain01 0.000677 0.000042 187 900 0.022750 0.001000 340 33 429 17 EXHUMATIONAL
JO3_1_t2_ Grain04 0.000569 0.000050 271 900 0.022750 0.001000 575 62 1007 32 EXHUMATIONAL
JO3_1 t2 Grain06 0.000976 0.000035 202 900 0.022750 0.001000 257 20 590 19 EXHUMATIONAL
JO3_1 t2 Grain08 0.000730 0.000011 319 900 0.022750 0.001000 530 31 1025 29 EXHUMATIONAL
J03_1_t2_Grain09 0.001004 0.000026 265 900 0.022750 0.001000 325 22 1073 27 EXHUMATIONAL
JO3_1 t3_Grain01 0.000544 0.000042 149 900 0.022750 0.001000 337 38 589 23 EXHUMATIONAL
JO3_1_t3_Grain02 0.000667 0.000014 184 900 0.022750 0.001000 340 26 603 22 EXHUMATIONAL
J03_1_t3_Grain04 0.000920 0.000038 150 900 0.022750 0.001000 203 19 578 20 EXHUMATIONAL
JO3_1 t3_Grain06 0.000497 0.000018 96 900 0.022750 0.001000 239 26 363 18 EXHUMATIONAL
JO3_1 t3_Grainl02  0.000511 0.000012 145 900 0.022750 0.001000 349 30 543 21 EXHUMATIONAL
JO3_1 t3 Grainl06  0.000478 0.000017 105 900 0.022750 0.001000 272 28 291 14 MAGMATIC
JO3_1 t3 Grainll3  0.001004 0.000028 160 900 0.022750 0.001000 198 17 584 18 EXHUMATIONAL
JO3_1 t3 Grainl24  0.000376 0.000040 207 900 0.022750 0.001000 660 84 616 25 MAGMATIC
JO3_1 t3 Grainl26  0.000785 0.000022 145 900 0.022750 0.001000 229 20 623 20 EXHUMATIONAL
JO3_1_t3_Grainl28  0.000232 0.000008 102 900 0.022750 0.001000 533 56 970 39 EXHUMATIONAL
JO3_1 t3 Grainl32  0.000433 0.000005 88 900 0.022750 0.001000 252 27 2531 42 EXHUMATIONAL
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JO3_1 t3_Grainl47
JO03_1_t3_Grainl50
J03_1_t3_Grain27
J03_1_t3_Grain30
JO03_1_t3_Grain33
JO3_1 t3_Grain47
JO3_1 t3 Grain53
JO3 1 t3 Grain54
JO3_1_t3_Grain65
J03_1_t3_Grain72
JO3 1 t3 Grain74
JO3_1 t3 Grain75
J03_1_t3_Grain76
JO3 1 t3 Grain77
JO3_1 t3 Grain85
JO3 1 t3 Grain89
JO3 1 t3 Grain90
J03_1_t3_Grain92
J03_1_t3_Grain9%4
J03_2 Grain01
JO3_2 Grain02
JO3_2 Grain03
JO3_2 Grain04

JO3 2 Grain05
JO3_2 Grain06
JO3_2 Grain07

JO3 2 Grain08
JO3_2 Grain09
JO3_2 Grainl0

0.000366
0.000639
0.000572
0.001442
0.000407
0.001488
0.000898
0.001501
0.000943
0.000245
0.000266
0.000644
0.001244
0.002008
0.000629
0.000852
0.000760
0.000409
0.000889
0.000580
0.001347
0.001000
0.000817
0.000967
0.000568
0.000517
0.001015
0.001120
0.000204

0.000006
0.000017
0.000013
0.000025
0.000021
0.000021
0.000019
0.000037
0.000032
0.000005
0.000009
0.000008
0.000024
0.000031
0.000012
0.000072
0.000023
0.000013
0.000029
0.000010
0.000026
0.000020
0.000015
0.000014
0.000013
0.000027
0.000013
0.000041
0.000007

137

143
123
169
148

165
101
79

154
185
143
154
333
188
109
123
174
131
220
200
136
200
212
148
250
102

900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900
900

0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.022750
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091
0.025091

0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001000
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302
0.001302

457
156
308
107
505
124
132
137
134
396
427
295
185
89
302
476
305
329
173
405
134
300
332
193
473
548
200
304
662

40
18
27
10
47
10
14
11
14
45
47
24

25
48
24
33
17
32
12
21
24
17
35
47
17
22
70

1207
631
612
131
555
383

1176
289

1727

1980
690
331
550
292
532
620
602
599
413
613
597
530

2163

2650
605
585
603
281

2082

39
22
23

24
13
31
10
47
67
31
15
17
10
20
21
20
24
15
19
16
15
40
32
19
19
17

75

EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
MAGMATIC
MAGMATIC
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
MAGMATIC
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
EXHUMATIONAL
MAGMATIC
EXHUMATIONAL
MAGMATIC
EXHUMATIONAL
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J03_2 Grainll 0.000454 0.000008 116 900 0.025091 0.001302 347 33 1997 55 EXHUMATIONAL
J03_2_Grainl2 0.000359 0.000007 144 900 0.025091 0.001302 536 46 1774 68 EXHUMATIONAL
J03_2_Grainl3 0.000788 0.000013 181 900 0.025091 0.001302 312 24 614 18 EXHUMATIONAL
J03_2_Grainl4 0.000493 0.000041 144 900 0.025091 0.001302 395 46 1970 53 EXHUMATIONAL
J03_2_Grainl5 0.001320 0.000060 160 900 0.025091 0.001302 167 15 599 16 EXHUMATIONAL
J03_2 Grainl6 0.000271 0.000013 105 900 0.025091 0.001302 518 57 2057 60 EXHUMATIONAL
J03_2_Grainl8 0.000343 0.000025 145 900 0.025091 0.001302 564 62 946 29 EXHUMATIONAL
J03_2_Grainl9 0.000902 0.000015 202 900 0.025091 0.001302 305 22 582 16 EXHUMATIONAL
J03_2_Grain20 0.001073 0.000014 155 900 0.025091 0.001302 198 16 285 9 EXHUMATIONAL
J03_2_Grain21 0.000836 0.000037 206 900 0.025091 0.001302 334 28 545 16 EXHUMATIONAL
Rejected Analyses

J03_2_Grain22 0.000673 0.000013 87 900 0.025091 0.001302 178 19

J03_2_Grainl7 0.001175 0.000019 212 900 0.025091 0.001302 247 17

J03_1_t2_Grain07 0.001410 0.000066 202 900 0.022750 0.001000 179 15

20EJO0S — Hibernia B-16 55 — Hibernia Formation (Lower) — Core # 2, box 3
. U-Pb 2810l .

Spot Name U/Si +2SE Ns Area (um) & +2SE ZFT Age 2SE (Ma) 113;;5 ) (N‘f;) Cooling-Type
J05_2_Grain01 0.001854 0.000138 195 900 0.025091 0.001302 145 15 384 11 EXHUMATIONAL
JO5_2_Grain02 0.000347 0.000007 165 900 0.025091 0.001302 631 51 1928 60 EXHUMATIONAL
JO5_2_Grain03 0.000471 0.000009 166 900 0.025091 0.001302 473 38 772 23 EXHUMATIONAL
JO5_2_Grain05 0.000377 0.000008 71 900 0.025091 0.001302 257 31 1014 28 EXHUMATIONAL
J05_2_Grain06 0.000499 0.000014 137 900 0.025091 0.001302 372 34 1931 48 EXHUMATIONAL
JO5_2_Grain07 0.000808 0.000029 100 900 0.025091 0.001302 170 18 414 13 EXHUMATIONAL
J05_2_Grain08 0.000843 0.000013 101 900 0.025091 0.001302 165 17 414 12 EXHUMATIONAL
J05_2_Grain09 0.000545 0.000023 133 900 0.025091 0.001302 332 32 410 14 EXHUMATIONAL
J05_2_Grainl0 0.000497 0.000016 173 900 0.025091 0.001302 467 38 814 23 EXHUMATIONAL
J05_2 Grainll 0.000438 0.000007 61 900 0.025091 0.001302 191 25 1605 60 EXHUMATIONAL
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J05 2 t2_Grain01 ~ 0.000914  0.000014 69 900 0.025091  0.001302 104 13 137 5 MAGMATIC
J05_2_t2_Grain03  0.000334  0.000017 54 900 0.025091  0.001302 221 32 1650 64  EXHUMATIONAL
J05 2 2 Grain04  0.000750  0.000032 171 900 0.025091  0.001302 310 27 968 24  EXHUMATIONAL
J05_2_t2_Grain05  0.000540  0.000047 124 900 0.025091  0.001302 312 39 387 12 EXHUMATIONAL
J05_2_t2_Grain06  0.000315  0.000013 114 900 0.025091  0.001302 486 49 1633 66  EXHUMATIONAL
J05 2 t2_Grain07 ~ 0.000686  0.000049 185 900 0.025091  0.001302 365 37 1119 27  EXHUMATIONAL
J05_2_t2_Grain08  0.001343  0.000043 85 900 0.025091  0.001302 88 10 143 5 MAGMATIC
Rejected Analyses
J05_2_Grain04 0.000666  0.000028 116 900 0.025091  0.001302 238 24
J05_2_t2_Grain02  0.000974  0.000022 139 900 0.025091  0.001302 196 17

20EJ06 — Hibernia B-16 54W — Hibernia Formation (Lower) — Core # 1, box 1-3

. U-Pb 2Sioul .

Spot Name U/Si +2SE Ns Area (um) 13 +2SE ZFT Age  2SE (Ma) fgees(z) (Ma) Cooling-Type
J06_1_Grain01 0.001393  0.000030 304 900 0.022750  0.001000 270 17 1015 25 EXHUMATIONAL
J06_1_Grain02 0.001415  0.000026 214 900 0.022750  0.001000 188 13 1796 42 EXHUMATIONAL
J06_1_Grain03 0.001380  0.000072 329 900 0.022750  0.001000 294 22 584 17 EXHUMATIONAL
J06_1_Grain05 0.001643  0.000022 244 900 0.022750  0.001000 185 12 418 13 EXHUMATIONAL
J06_1_Grain06 0.000922  0.000017 180 900 0.022750  0.001000 242 19 2761 33 EXHUMATIONAL
J06_1_t2_Grain03  0.000858  0.000126 241 900 0.022750  0.001000 346 55 1784 66  EXHUMATIONAL
J06_1_t2 Grain06  0.001850  0.000023 264 900 0.022750  0.001000 178 1 404 12 EXHUMATIONAL
J06_1_t3_Grain100  0.000354  0.000008 119 900 0.022750  0.001000 411 39 548 24  EXHUMATIONAL
J06_1_t3_Grainl7 ~ 0.000610  0.000014 158 900 0.022750  0.001000 319 26 420 18 EXHUMATIONAL
J06_1_t3_Grain18  0.000539  0.000040 94 900 0.022750  0.001000 217 28 609 24  EXHUMATIONAL
J06_1_t3_Grain25  0.000173  0.000004 98 900 0.022750  0.001000 680 71 2735 54 EXHUMATIONAL
J06_1_t3_Grain28  0.000295  0.000007 102 900 0.022750  0.001000 423 43 541 27 EXHUMATIONAL
J06_1_t3_Grain34  0.001230  0.000060 240 900 0.022750  0.001000 242 20 2073 42 EXHUMATIONAL
J06_1_t3_Grain39  0.000674  0.000019 220 900 0.022750  0.001000 400 29 1791 51  EXHUMATIONAL
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20EJ08 — Hebron M-04 — Hibernia Formation (Upper) — Core # 3, box 37-42

Spot Name U/Si +2SE Ns Area (um) & +2SE ZFT Age 2SE (Ma) E;PSE) (2;‘[";)1 Cooling-Type
ge
JO8_1_Grain01 0.001366 0.000036 285 900 0.022750 0.001000 259 17 428 14 EXHUMATIONAL
JO8_1_Grain02 0.001558 0.000027 322 900 0.022750 0.001000 256 15 610 17 EXHUMATIONAL
JO8_1_t2_Grain01 0.000627 0.000013 160 900 0.022750 0.001000 315 26 2058 48 EXHUMATIONAL
JO8_1_t2_Grain02 0.000675 0.000012 229 900 0.022750 0.001000 415 28 603 21 EXHUMATIONAL
JO8_1_t2_Grain03 0.000953 0.000041 216 900 0.022750 0.001000 280 23 630 22 EXHUMATIONAL
JO8_1 t2 Grain04 0.000692 0.000017 266 900 0.022750 0.001000 469 31 553 20 EXHUMATIONAL
JO8_1_t2_Grain05 0.000825 0.000019 272 900 0.022750 0.001000 404 26 519 18 EXHUMATIONAL
JO8_1_t2_Grain06 0.000768 0.000020 200 900 0.022750 0.001000 321 24 577 19 EXHUMATIONAL
JO8_1_t3_Grain02 0.000984 0.000102 135 900 0.022750 0.001000 171 23 362 14 EXHUMATIONAL
JO8_1_t3_Grain09 0.000526 0.000016 99 900 0.022750 0.001000 234 24 420 18 EXHUMATIONAL
JO8_1_t3_Grainl02  0.000572 0.000011 122 900 0.022750 0.001000 264 24 1666 55 EXHUMATIONAL
JO8_1_t3_Grainl07  0.000943 0.000021 202 900 0.022750 0.001000 265 20 598 19 EXHUMATIONAL
JO8_1_t3_Grainl4 0.000714 0.000019 86 900 0.022750 0.001000 150 17 599 21 EXHUMATIONAL
JO8_1_t3_Grainl5 0.002202 0.000324 199 900 0.022750 0.001000 113 18 298 11 EXHUMATIONAL
JO8_1_t3_Grainl9 0.000452 0.000010 137 900 0.022750 0.001000 372 33 1004 33 EXHUMATIONAL
JO08_1_t3_Grain24 0.000613 0.000009 111 900 0.022750 0.001000 225 22 603 22 EXHUMATIONAL
JO8_1_t3_Grain25 0.000718 0.000016 169 900 0.022750 0.001000 291 23 591 22 EXHUMATIONAL
JO8_1_t3_Grain36 0.000484 0.000010 219 900 0.022750 0.001000 548 39 1895 56 EXHUMATIONAL
JO8_1_t3_Grain37 0.000802 0.000046 174 900 0.022750 0.001000 269 25 629 21 EXHUMATIONAL
JO8_1_t3_Grain50 0.000691 0.000013 182 900 0.022750 0.001000 324 25 538 21 EXHUMATIONAL
JO8_1_t3_Grain55 0.000673 0.000013 187 900 0.022750 0.001000 342 26 595 21 EXHUMATIONAL
JO8_1 t3_Grain6l 0.000704 0.000011 148 900 0.022750 0.001000 260 22 499 19 EXHUMATIONAL
JO8_1_t3_Grain64 0.000526 0.000010 110 900 0.022750 0.001000 259 25 1100 33 EXHUMATIONAL
J08_1_t3_Grain65 0.000874 0.000015 125 900 0.022750 0.001000 178 16 431 15 EXHUMATIONAL
JO8_1_t3_Grain72 0.000562 0.000010 115 900 0.022750 0.001000 254 24 591 23 EXHUMATIONAL
JO8_1_t3_Grain75 0.000482 0.000008 165 900 0.022750 0.001000 418 33 1311 38 EXHUMATIONAL
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JO8 1 t3 Grain84 0.000459 0.000008 119 900 0.022750 0.001000 320 30 610 23 EXHUMATIONAL
JO8_1_t3_Grain85 0.000751 0.000043 189 900 0.022750 0.001000 311 29 562 19 EXHUMATIONAL
J08_1_t3_Grain98 0.000586 0.000007 127 900 0.022750 0.001000 268 24 660 22 EXHUMATIONAL
Rejected Analyses
JO8_1_t3_Grain95 0.000655 0.000019 170 900 0.022750 0.001000 320 26
20EJ09 — Hebron M-04 — Hibernia Formation (Upper) — Core # 3, box 26-33
. U-Pb 280l .

Spot Name U/Si +2SE Ns Area (um) g +2SE ZFT Age 2SE (Ma) Eges(z ) (1\/‘[0;) Cooling-Type
J09_1_Grain03 0.002076 0.000078 277 900 0.022750 0.001000 166 12 391 12 EXHUMATIONAL
J09 1 t2 Grain0O1 0.000903 0.000041 320 900 0.022750 0.001000 433 31 1417 34 EXHUMATIONAL
JO9_1_t2 Grain02  0.000860 0.000053 296 900 0.022750 0.001000 421 36 604 20 EXHUMATIONAL
J09_1_t2_Grain03  0.001372 0.000040 244 900 0.022750 0.001000 221 16 587 17 EXHUMATIONAL
J09_1_t3_Grain06  0.000881 0.000016 286 900 0.022750 0.001000 398 25 416 15 MAGMATIC
J09_1_t3_Grain07  0.000497 0.000012 174 900 0.022750 0.001000 428 34 467 19 MAGMATIC
J09_1_t3_Grainll  0.001222 0.000027 281 900 0.022750 0.001000 284 18 574 17 EXHUMATIONAL
J09_1_t3_Grainl2  0.000399 0.000010 126 900 0.022750 0.001000 387 36 611 24 EXHUMATIONAL
J09_1_t3_Grainl5  0.000416 0.000009 101 900 0.022750 0.001000 300 31 1008 34 EXHUMATIONAL
J09_1_t3_Grainl8  0.000458 0.000018 113 900 0.022750 0.001000 305 31 390 18 EXHUMATIONAL
J09_1_t3_Grain20  0.000937 0.000016 264 900 0.022750 0.001000 347 22 655 20 EXHUMATIONAL
J09_1_t3_Grain27  0.000709 0.000017 191 900 0.022750 0.001000 332 25 619 21 EXHUMATIONAL
J09_1_t3_Grain36  0.000473 0.000008 170 900 0.022750 0.001000 439 34 480 20 MAGMATIC
J09_1_t3_Grain48  0.000363 0.000014 158 900 0.022750 0.001000 528 47 606 25 EXHUMATIONAL
J09_1_t3_Grain50  0.000472 0.000010 160 900 0.022750 0.001000 415 34 417 18 MAGMATIC
J09_1_t3_Grain53  0.000383 0.000007 124 900 0.022750 0.001000 396 36 1677 66 EXHUMATIONAL
J09_1_t3_Grain60  0.000433 0.000010 180 900 0.022750 0.001000 506 39 623 24 EXHUMATIONAL
J09 1 t3_Grain6l  0.000468 0.000007 138 900 0.022750 0.001000 362 31 644 24 EXHUMATIONAL
J09_1_t3_Grain63  0.000634 0.000017 247 900 0.022750 0.001000 475 33 597 21 EXHUMATIONAL
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APPENDIX B: FISSION-TRACK AGE AND U/SI

B.1 Fission-track age and U/Si of pooled Lower and Upper Hibernia Formation data (n = 269)
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B.2 Fission-track age and U/Si of pooled Hibernia Formation data (n = 269) colored by etch time
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APPENDIX C: MAXIMUM DEPOSITIONAL AGE DIAGRAMS

C.1 Youngest Statistical Peak — Weighted Mean Plots
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20EJO1 — West Bonne Bay F-12
(Upper Hibernia Formation)

mean = 288.68+1.32|2.88 | 2.82 Ma (n=13/13)
MSWD = 0.96, p(x®) = 0.48
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20EJ02 — West Bonne Bay F-12
(Upper Hibernia Formation)

mean =291.96+1.16 | 2.45 | 2.18 Ma (n=17/17)
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20EJO3 — West Bonne Bay F-12
(Upper Hibernia Formation)

mean = 399.85:+2.47 | 6.86 | 19.25 Ma (n=5/5)
MSWD = 7.87, p(x) = 0.0000024

20EJO5 — Hibernia B-16 55
(Lower Hibernia Formation)

mean = 290.73+1.10 | 2.33| 2.36 Ma (n=17/18)
MSWD = 1.02, p(y®) = 0.43
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20EJ06 — Hibernia B-16 54W
(Lower Hibernia Formation)

mean = 135.11:1.91 | 8.20| 17.55 Ma (n=3/3)
MSWD = 4.58, p(x°) = 0.010

20EJ08 — Hebron M-04
(Upper Hibernia Formation)

mean = 282.30:1.82 | 4.31 | 4.48 Ma (n=8/9)
MSWD = 1.08, p(x°) = 0.37
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(Upper Hibernia Formation)

mean = 289.03+2.67 | 11.48 | 5.15 Ma (n=3/3)
MSWD =0.20, p(y?) = 0.82

Lower Hibernia Formation (pooled)
(Hibernia B-16 55 and 54W)

mean = 288.69+0.65 | 1.31 | 1.31 Ma (n=52/54)
MSWD = 1.01, p(y?) = 0.46
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Upper Hibernia Formation (pooled) Jeanne d’ Arc Formation (pooled)
(West Bonne Bay F-12 and Hebron M-04)

mean = 140.98 1.47 | 18.70 18.79 Ma (n=2/2)
MSWD = 1.01, p(3) = 0.31

mean =139.90+1.36 | 4.331 4.67 Ma (n=4/5)

MSWD = 1.16, p(x’) = 0.32
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C.2 Youngest Grain Cluster — Weighted Mean Plots
20EJO1 — West Bonne Bay F-12 20EJ02 — West Bonne Bay F-12
(Upper Hibernia Formation) (Upper Hibernia Formation)
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20EJ03 — West Bonne Bay F-12
(Upper Hibernia Formation)

mean = 286.76::1.66 | 4.07| 283 Ma (n=7/7)
MSWD = 0.48, p(x°) = 0.82

20EJO5 — Hibernia B-16 55
(Lower Hibernia Formation)

mean = 412.59+3.37 | 14.50 | 5.86 Ma (n=3/3)
MSWD =0.16, p(y?) = 0.85
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20EJ06 — Hibernia B-16 54W
(Lower Hibernia Formation)

mean =366.51+3.15]10.03 | 8.43 Ma (n=4/4)
MSWD =0.71, p(?) = 0.55

20EJ08 — Hebron M-04
(Upper Hibernia Formation)

mean = 279.80::2.13 | 5.49| 3.53 Ma (n=6/6)
MSWD = 0.41, p(x°) = 0.84
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20EJ09 — Hebron M-04
(Upper Hibernia Formation)

mean = 289.03+2.67 | 11.48 | 5.15 Ma (n=3/3)
MSWD =0.20, p(y?) = 0.82
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C.3 Radial Plots with peak-fitting, Peak 1 used for MDA estimates
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APPENDIX D: RADIALPLOTTER DIAGRAMS

Lower Hibernia Formation
(Hibernia B-16 55 and 54W)
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D.1 Radial plots with peak-fitting for pooled Upper and Lower Hibernia Formation samples, respectively.

Upper Hibernia Formation
(West Bonne Bay F-12 and Hebron M-04)

Upper Hibemia reduced (n=218)
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FT Ages — Exhumation-cooled grains

Exhumation-cooled grains reduced (n=245)
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D.2 Radial plots with peak-fitting for double-dated detrital zircon FT and U-Pb ages by cooling type
(exhumation- and magmatic-cooled)
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U-Pb Ages — Magmatic-cooled grains
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