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ABSTRACT. The tectonic history of the Appalachian orogen is recorded in the
adjacent foreland. Offshore seismic data suggest that an initial, Middle Ordovician
foreland basin was filled by sources in Newfoundland, whereas the Late Ordovician
foreland basin was loaded and filled by sources to the SW, in the Québec segment of
the orogen, where NW-vergent Taconian arc-continent collision may have continued
later than in Newfoundland. We test this hypothesis using U/Pb ages of detrital zircon
within foreland basin successions in western Newfoundland. Previously published
results from the oldest foreland succession, the Middle Ordovician Goose Tickle
Group, demonstrate ages similar to units preserved with the Humber Arm Allochthon,
emplaced during Middle Ordovician Taconic orogenesis, including a predominant
Paleoproterozoic peak at 1.85 Ga. In this study we investigated U/Pb geochronology
of detrital zircon from younger foreland successions from Upper Ordovician to
Devonian. The largest proportion of analyses within all foreland successions fall
between 0.95 and 1.3 Ga, with largest peaks occurring between 1.0 and 1.1 Ga, typical
of zircon derived from the Grenville Orogen. Earlier Mesoproterozoic and Paleopro-
terozoic ages range from 1.3 to 2.0. The abundance of Mesoproterozoic grains and
conspicuous lack of 1.85 Ga Paleoproterozoic zircon in the overlying Upper Ordovi-
cian Long Point Group and latest Silurian to Early Devonian Clam Bank Formation
indicates that these sediments were not derived from units within the Humber Arm
Allochthon. Probability density plots of continental margin units in the Québec/New
England segment of the orogen demonstrate a similar strong Mesoproterozoic and
weak Paleoproterozoic signature, suggesting derivation of the Long Point Group from
the Québec segment of the orogen. Within the mid-Paleozoic Clam Bank - Red Island
Road succession, typical Gondwanan ages are absent and 1.0 Ga grains derived from
the Grenville Orogen are abundant. This is consistent with underthrusting of the
Gondwanan microcontinents Ganderia and Avalonia during Salinic and Acadian
orogenesis. Only Mesoproterozoic zircon grains were found in the Early Devonian Red
Island Road Formation, consistent with derivation from Mesoproterozoic Grenville
massifs in western Newfoundland or Cape Breton Island which were exhumed during
Devonian Acadian inversion.
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introduction
Foreland basins provide valuable records of the building of orogens, because they

are formed mainly by orogenic loading through flexure of the lithosphere, while the
developing orogen provides the source of detritus to fill the basin. The provenance of
foreland basin fills provides evidence of exhumation of source regions within the
orogen because of this intrinsic link between orogen and basin.

The current understanding of Appalachian orogenesis is based largely on the
interpretation of geological datasets (that is, structural, stratigraphic, geochemical and
isotopic) collected from deformed, metamorphosed, and magmatic units within the
orogen. In Newfoundland, the earliest convergent episode, the Ordovician Taconic
Orogeny, involved the collision of an island arc and peri-Laurentian microcontinents
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with Laurentia, and westward emplacement of allochthons (including the Humber
Arm Allochthon in Newfoundland) on top of the Laurentian margin (Stevens, 1970;
Williams and Stevens, 1974; Waldron and van Staal, 2001; van Staal and others, 2009;
for a contrary view, see Karabinos and others, 2017). In southern New England, the
peri-Gondwanan Moretown Terrane was also emplaced at this time (Macdonald and
others, 2014). Later orogenic episodes, including the Silurian Salinic Orogeny (Dun-
ning and others, 1990) and Early Devonian Acadian Orogeny (van Staal and others,
2014) also involved the accretion of exotic terranes to the composite margin. Although
stratigraphic and isotopic evidence within the orogen (van Staal and others, 1998; van
Staal and others, 2009; Waldron and others, 2019) provides constraint on what
accreted and when, many questions remain unanswered. These include: (1) what was
the specific location of accreted material prior to Carboniferous reshuffling of terranes
along the length of the orogen; (2) which portions of the orogen were exhumed and
contributed detritus to the developing basin; and (3) what was the variability in load
position and magnitude along the orogen during orogenesis? In particular, recently
published work (White and others, 2019) has suggested that a Late Ordovician
foreland-basin succession (the Long Point Group) located offshore of western New-
foundland was the result of loading in the Québec portion of the orogen, to the
southwest. We aim to test this hypothesis by comparing the provenance of the Long
Point Group and overlying foreland-basin strata with potential sources in the northern
Appalachians.

We present analyses of five samples from the foreland basin successions in western
Newfoundland (fig. 1). The foreland sediments were largely derived from erosion of
thrust sheets of allochthonous continental margin and local basement units (Bradley,
1983; Cawood and Nemchin, 2001; McLennan and others, 2001; Thomas and Becker,
2007). We discuss our new data in comparison with previously published zircon ages
from the Paleozoic continental margin and regional basement and aim to provide new
interpretations of Appalachian orogenic history in context of the current tectonic
understanding of the orogen.

tectonic setting and source regions

Laurentian Basement
The Appalachian Orogen developed on the Paleozoic continental margin of

eastern Laurentia, itself founded on Mesoproterozoic and older basement rocks (fig.
2) (Cawood and Nemchin, 2001). The Superior and North Atlantic cratons, that
represent the Archean cores of eastern Laurentia, were stitched together by 2.0 to 1.8
Ga Paleoproterozoic orogens (Hoffman, 1988). In eastern Laurentia these include:
the Trans-Hudson, New Québec, Torngat, and Makkovik orogens. Along the eastern
margin of Laurentia lies the Grenville Province (Rivers, 1997) dominated by the � 1.0
Ga Grenville Orogen, although older pre-Grenvillian crust (1.7–1.2 Ga) is also pre-
served within the Grenville Province (Rivers, 1997) (fig. 2). Populations of zircon
sourced from Laurentia generate age spectra with characteristic peaks and gaps
indicative of derivation from these provinces; a number of studies show excellent
examples of such Laurentia-derived zircon (figs. 3R and 3S) and the associated
probability density distributions which characterize eastern Laurentian sources (Ca-
wood and Nemchin, 2001; Cawood and others, 2007b; Waldron and others, 2008;
Waldron and others, 2012). The probability density function shown in figure 3R is a
typical Laurentian signature with major peaks at 1.1, 1.8 and 2.7 Ga coinciding with the
ages of major Laurentian crustal components.

The western zone of the Appalachian Orogen, the Humber Zone (fig. 1), contains
deformed Paleozoic rocks of Laurentian affinity and older Mesoproterozoic basement
of the Grenville Province (Rivers, 1997; Heaman and others, 2002). In Newfoundland,
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it is divided into a western, external subzone, in which Paleozoic strata are largely
unmetamorphosed, and an eastern, internal zone of mainly metamorphic rocks. To
the east, the Notre Dame subzone is interpreted by most authors as built on the

Fig. 1. Geological map of western Newfoundland showing place names, locations, structures, and
sample sites from previously published works. Inset A is a tectonic zonation map of a portion of the northern
Appalachians (modified from Waldron and van Staal, 2001). Inset B is a geological map of the Port au Port
Peninsula showing sample sites from this study.
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peri-Laurentian Dashwoods block (fig. 1; Waldron and van Staal, 2001); although its
basement is nowhere exposed, isotopic and zircon inheritance studies indicate a
Laurentian affinity (Whalen and others, 1997; van Staal and others, 2007; but see
Karabinos and others, 2017 for an alternative view). Terranes that originated outboard
of the Laurentian margin contain units of exotic affinity and zircon populations
derived from these terranes have age spectra indicative of Gondwanan, not Lauren-
tian, sources (Macdonald and others, 2014; Waldron and others, 2014). The spectra
typically lack the 1.0 Ga Grenville peak, which is typical of Laurentian detritus (for
example, Cawood and others, 2007a; Waldron and others, 2008). They also contain
prominent peaks between 550 and 650 Ma, typical of units derived from either the
Brasiliano or Pan-African orogen of the Amazonian or West African craton respectively
(for example, Waldron and others, 2014). Gondwanan units also typically contain
grains with ages ranging from 2.0 to 2.2 Ga, derived from either the Eburnean Orogen
of West Africa or Trans-Amazonia Orogen of Amazonia (for example, Pothier and
others, 2015). These ages are typically absent in detritus derived from eastern Lauren-
tia (Waldron and others, 2014).

Rift and Passive Margin Units
The oldest stratified rocks in western Newfoundland were deposited above

Mesoproterozoic basement during several episodes of Neoproterozoic to early Cam-
brian rifting (Cawood and others, 2001). These events led to the opening of the
Iapetus Ocean, the development of conjugate margins of Laurentia and Amazonia

Fig. 2. Map showing major structural provinces which make up eastern Laurentia, based on data and
interpretations of Whitmeyer and Karlstrom (2007), Nutman and others (2008), St. Onge and others
(2009), Rivers (2009, 2015). KT, Ketilidian Orogen; MK, Makkovik Orogen; NQO, New Québec Orogen;
TO, Torngat Orogen. Arrow 1 is transport direction for Goose Tickle Group detritus. Arrow 2 is transport
direction for Long Point Group detritus.
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Fig. 3. Continued.
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Fig. 3. Detrital zircon probability density functions for data from this study and previously published data.
Vertical scale is in arbitrary units of relative probability density. This study: (A) Lourdes Fm. (NP007), (B)
Winterhouse Fm. (NG024A), (C) Clam Bank Fm. (NG043), (D) Red Island Road Fm. (NP021), (E) American
Tickle Fm. And, (F) Hawke Bay Fm. (Cawood and Nemchin, 2001), (G) Top Bradore Fm. and (H) base Bradore
Fm. (Allen, ms, 2009). (I) Base Bradore Fm. (Cawood and Nemchin, 2001). (J) Irishtown Fm., (K) top
Summerside Fm., and (L) base Summerside Fm. (Allen, ms, 2009). (M) Base Summerside Fm., (N) Blow Me
Down Brook Fm., and (O) South Brook Fm. (Cawood and Nemchin, 2001). (P) Flat Brook Fm. (van Staal and
others, 2013). (Q) inherited zircon in Notre Dame Arc (van Staal and others, 2007). (R) Rowe Formation
(Macdonald and others, 2014). (S) Passive margin units in Quebec and New England. Sources include
Poughquag quartzite (McLennan and others, 2001), Cheshire Formation (Macdonald and others, 2014), Trap
Falls Formation (McDaniel and others, 1997), and Cavendish Formation (Karabinos and others, 1999).
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(Cawood and Williams, 1988; Cawood and others, 2001), and the rifting of crustal
ribbons from both Laurentian (for example, Dashwoods block) and Amazonian
margins (van Staal and others, 1998; Waldron and van Staal, 2001; van Staal and others,
2013).

Rifting generated a series of NE-striking and lesser NW-striking deep-seated
extensional faults within the basin, forming grabens into which thick successions of
clastic and local mafic volcanic rocks were deposited (Williams and Hiscott, 1987; Allen
and others, 2010). Clastic units deposited into these basins include the autochthonous
Cambrian Bradore Formation, and the correlative Summerside and Blow Me Down
Brook formations (fig. 4) that are now exposed within the Humber Arm Allochthon
(Palmer and others, 2001) (fig. 1). Within the metamorphosed eastern portion of the
Humber Zone (fig. 1), the South Brook and Flat Point formations of the Fleur de Lys
Supergroup represent equivalent synrift clastic units of the Laurentian margin. A
dominantly carbonate middle Cambrian – Early Ordovician passive margin overlies the
rift-related units. The autochthonous Hawke Bay and allochthonous Irishtown forma-
tions occur near the base of this succession and represent the only coarse-grained
siliciclastic units within the passive margin succession (fig. 4). Thinly bedded high-
energy carbonates of the middle to upper Cambrian Port au Port Group (Chow and
James, 1987) overlie the Hawke Bay Formation, which in turn are overlain by massive,
thick-bedded lower-energy limestone and dolostone of the Lower Ordovician St.
George Group (Knight and James, 1987). The Cow Head Group represents deep-water
lateral equivalents of this carbonate platform now exposed in the Humber Arm
Allochthon (fig. 4).

Several previous U/Pb analyses of zircon in clastic portions of the rift and passive
margin successions have been carried out (Cawood and Nemchin, 2001; Allen, ms,
2009; van Staal and others, 2013). We have divided these into eastern and western
units, based on their interpreted depositional position relative to the Laurentian
margin (fig. 3). Samples collected from the most westerly rift units display remarkably
similar narrow age spectra dominated by strong peaks between 1.0 and 1.2 Ga (fig. 3).
The basal Bradore Formation contains only one peak at 1.0 Ga; this narrow age
spectrum is consistent with derivation from the immediate basement of the Grenville
Orogen. The basal Summerside Formation and upper Bradore Formation are charac-
terized by two distinct peaks at �1.0 and 1.1 Ga, which we suggest might possibly
delineate the Rigolet and Ottawan phases (Rivers, 2015) of the Grenville Orogeny
respectively. These units also contain a small percentage (�15%) of older Mesoprotero-
zoic grains, also consistent with derivation from the Grenville Province. In higher
portions of the stratigraphic section, representing the passive margin succession, a
broader range of ages is observed. The Hawke Bay and Irishtown formations both
contain abundant Mesoproterozoic peaks between 1.2 and 1.6 Ga and very strong
peaks at 1.85 Ga. These grains could be derived from either the Makkovik or associated
Paleoproterozoic orogens (New Québec or Torngat) in the north or the Trans-
Hudson region to the west. Both passive margin units have strong Archean signatures
dominated by peaks at 2.7 to 2.8 Ga, typical of derivation from either the Superior or
North Atlantic cratons.

Metamorphosed clastic units in the eastern Humber Zone (South Brook Forma-
tion) and Notre Dame Subzone (Flat Point Formation) (fig. 1), together with the
structurally highest synrift unit of the Humber Arm Allochthon (the Blow Me Down
Brook Formation), contain a much larger spread of ages compared to rift-related units
deposited to the west, closer to the Laurentian margin (Bradore and Summerside
formations) (fig. 3). Although these units still contain a significant population of
Grenville zircon, forming peaks at 1.0 to 1.1 Ga, these peaks are diluted by the large
proportion of Paleoproterozoic zircon within the spectra. The largest peak within the
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Blow Me Down Brook Formation occurs at 1.85 Ga, while Paleoproterozoic ages in the
Fleur de Lys Supergroup are dominated by 1.90 Ga peaks. These Paleoproterozoic
peaks are consistent with derivation from Paleoproterozoic orogens either north (for
example, Makkovik and/or Ketilidian orogens) or west (for example, Trans-Hudson
Orogen) of the basin. Archean grains are dominated by Neoarchean detritus with
strongest peaks ranging from 2.6 to 2.8 Ga. Smaller, but significant Mesoarchean peaks
are observed while approximately 7 percent of grains in the Blow Me Down Brook

Fig. 4. Stratigraphic column showing units in western Newfoundland including autochthonous and
allochthonous successions. Vertical scale is proportional to geologic age except at breaks marked by wavy
lines. Colors consistent with figure 3.
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Formation have Paleoarchean ages. Archean ages suggest derivation from either the
Superior or North Atlantic craton.

Ordovician Taconic Orogeny and Foreland Basin
The Ordovician Taconic Orogeny involved the collision of Laurentia with an arc

developed at an east-dipping subduction zone (Waldron and van Staal, 2001; van Staal
and others, 2009), and westward emplacement of allochthons (Williams and Stevens,
1974; St. Julien and Hubert, 1975) on top of the Laurentian margin. Continental rift,
and passive margin units are exposed in a series of stacked thrust sheets within the
Humber Arm Allochthon (Waldron and others, 2003). Highest thrust sheets within the
allochthon contain �508 to 485 Ma (Dunning and Krogh, 1985; Jenner and others,
1991) suprasubduction zone ophiolites which represent arcs (Dewey and Bird, 1971;
Dewey and Casey, 2013) formed within the Iapetus Ocean. Structurally below the
allochthons, and within the developing pro-arc foreland basin, deep-seated normal
faults were activated in response to flexure of the lower Laurentian plate during
orogenic loading and slab pull (Bradley and Kidd, 1991).

The St. George unconformity, at the top of the autochthonous passive margin,
represents the transition to a tectonically active basin (Knight and others, 1991) (fig.
4). The unconformity is overlain by the dominantly carbonate Table Head Group
(Stenzel and others, 1990) which is in turn stratigraphically overlain by sandstone and
siltstone of the Goose Tickle Group. Overall basin geometry and ophiolitic detritus
within turbiditic sandstone units (Stevens, 1970) indicate that the Goose Tickle Group
formed in a foreland-basin setting, sediments being derived from the Newfoundland
portion of the orogen (White and others, 2019). SW-directed paleocurrent indicators
(Quinn, ms, 1992; Batten Hender and Dix, 2008) also imply that sediments were
sourced axially, from the northeast, consistent with northeastward thickening of the
Goose Tickle Group offshore (White and others, 2019).

Only one published work by Cawood and Nemchin (2001) records U/Pb analyses
of zircon from the Goose Tickle Group (fig. 3). The age spectrum is dominated by a
strong peak at 1.05 Ga. This peak and older, smaller Mesoproterozoic peaks are
consistent with ages of units in local Grenvillian basement. A strong peak at 1.85 Ga is
consistent with unit ages within any of the eastern Laurentian Paleoproterozoic
orogens (Trans-Hudson, Makkovik or New Québec-Torngat). A strong Archean signa-
ture, dominated by 2.70 Ga grains, is also consistent with the age of units within the
Superior and North Atlantic cratons. The presence of ophiolitic detritus within the
Goose Tickle Group (Hiscott, 1984; Quinn, ms, 1992) indicates that it is more likely
derived from recycling of clastic units within the Humber Arm Allochthon, rather than
being derived from Laurentian basement units.

Late Ordovician Long Point Group
The Long Point Group, comprising the Lourdes, Winterhouse and Misty Point

formations, represents the Late Ordovician foreland basin succession in western
Newfoundland. The Lourdes Formation, a 75 m thick unit of shallow-marine lime-
stone, disconformably overlies the Goose Tickle Group and represents the base of the
Long Point Group. The depositional age for the Lourdes Formation is constrained by
Upper Ordovician (Sandbian) conodonts (Baltoniodus gerdae Biozone) and graptolites
(Diplograptus multidens Biozone) (Bergström and others, 1974). Batten Hender and
Dix (2008) describe the formation as a narrow, high-energy, mixed siliclastic-
carbonate ramp succession. The Lourdes Formation is gradationally overlain by thin-to
medium-bedded fine-grained sandstone and shale units of the Winterhouse Forma-
tion, interpreted to represent a storm-dominated shelf assemblage (Quinn and others,
1999). Graptolite species Climacograptus spiniferus and Geniculograptus pygmaeus indicate
a Late Ordovician (Katian) depositional age (Quinn and others, 1999). These rocks
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are gradationally overlain by medium- to coarse-grained red sandstone units of the
Misty Point Formation interpreted to have been deposited in a marginal marine to
terrestrial setting (Quinn and others, 1999). The presence of Ordovician brachiopods
Sowerbyella sericea and Rafinesquina deltoidea, associated with species of Trigrammaria, also
indicate a Katian age of deposition (Quinn and others, 1999). No previous geochrono-
logic work has been carried out on any units within the Long Point Group.

Seismic horizon mapping (White and others, 2019) indicates that the narrow
Lourdes shelf is restricted to southern portions of the basin, and that the Lourdes
Formation filled residual topography that remained after the Taconic Orogeny. The
remainder of the Long Point Group thickens dramatically southwards, indicating basin
subsidence as a result of loading in the Québec Appalachians where Taconic arc-
continent collision continued into the Late Ordovician (White, ms, 2017). During this
interval, subduction polarity reversal had already occurred in central Newfoundland
(Zagorevski and others, 2009), leading to westward subduction beneath the develop-
ing orogen, placing the Long Point Group in a retro-arc setting (Naylor and Sinclair,
2008). These observations, together with NE-directed paleocurrent data (Batten
Hender and Dix, 2008) suggest that the Long Point Group was loaded along-margin
from Québec, where arc-continent collision above an east-dipping subduction zone
continued into the Late Ordovician (White and others, 2019).

Silurian to Early Devonian Clam Bank Formation
The Clam Bank Formation unconformably overlies the Long Point Group (fig. 4).

This unconformity (the Clam Bank unconformity) is significant, removing the majority
of the Silurian system in western Newfoundland; however, it is not exposed anywhere
on land because the units above and below are juxtaposed by a fault at their only
exposed contact. The lowest units in the Clam Bank Formation consist of red and
green thin-bedded calcareous mudstone and siltstone interlayered with noncalcareous
siltstone and sandstone. These rocks are interpreted to have been deposited in a
shallow-marine to terrestrial environment (Burden and others, 2002). A conodont
assemblage of Ozarkodina remscheidensis eosteinhornensis and O. remscheidensis ssp. (Bur-
den and others, 2002) indicates a maximum depositional age of Pridoli to Lochkovian
for this portion of the Clam Bank Formation. A second unconformity above this mixed
lower portion marks the transition to a dominantly siliciclastic succession of coarse-
grained sandstone, interpreted to have been deposited in a terrestrial environment
(Burden and others, 2002).

The Clam Bank unconformity correlates in timing with the protracted Salinic
Orogeny (455–422 Ma; Dunning and others, 1990; Cawood and others, 1994; van Staal
and others, 2009), resulting from collision of Ganderian microcontinents at a west-
dipping subduction zone along the composite Laurentian margin (van Staal and
others, 1998; van Staal and others, 2009; Waldron and others, 2019). The foreland
basin, forming on top of the Laurentian plate, likely underwent significant exhuma-
tion towards the end of this episode as Ganderian microcontinents were underthrust at
the margin. The Clam Bank Formation was deposited as a result of later erosion of the
Salinic Orogen into a retro-arc foreland basin (White and others, 2019).

Early Devonian Red Island Road Formation
The Red Island Road Formation, exposed only offshore on Red Island (fig. 1), is

the youngest foreland basin succession in western Newfoundland, based on palyno-
morphs discovered by Quinn and others (2004), placing the Red Island Road Forma-
tion in the Emsian Emphanisporites annulatus – Camarozonotriletes sextantii Assemblage
Zone. The unit is interpreted to overlie the Clam Bank Formation (Quinn and others,
2004), although the contact is not exposed on land. The Red Island Road Formation
mainly consists of cobble to boulder conglomerate with a matrix of coarse-grained
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sandstone. Clasts within the conglomerate include a mix of lithologies including
sedimentary, metasedimentary and igneous; felsic volcanic rocks make up a large
proportion of the clasts, for which no local source is known. The formation has been
interpreted as a high-gradient gravel river bed deposit (Quinn and others, 2004).

The Early Devonian Acadian Orogeny in Newfoundland, occurring from � 420 to
400 Ma (van Staal and others, 2009), overlaps with deposition of the Red Island Road
Formation. The orogeny has been attributed to the accretion of Avalonia to Laurentia
(Bird and Dewey, 1970; Bradley, 1983; van Staal and others, 2009) via west-dipping
subduction (Waldron and others, 1996; Murphy and others, 1999; van Staal and others,
2014), implying that the Acadian foreland basin developed as a retro-arc basin (White and
others, 2019); the Red Island Road Formation filled this Early Devonian basin. In western
Newfoundland, the orogeny led to reactivation and inversion of earlier Taconic and
Neoproterozoic basement faults and the uplift of basement massifs, including the Long
Range and Indian Head Inliers (White and Waldron, 2019).

u/pb geochronology

We chose samples from four foreland basin units for detrital zircon geochronol-
ogy by Laser Ablation Multicollector Inductively Coupled Plasma Mass -Spectrometry
(LA-MC-ICP-MS): the Lourdes, Winterhouse, Clam Bank and Red Island Road forma-
tions (fig. 4). Geographic and stratigraphic sample locations are shown in figures 1 and
4 respectively. Samples were chosen based on fossil control, where available, in order to
constrain depositional age. Coarse-grained sandstone units were collected, where
possible, to maximize the likelihood of obtaining zircon of suitable size for analyses.
One sample of a typical rhyolite boulder from a conglomeratic bed within the Red
Island Road Formation was collected for U-Pb age dating of zircon using Chemical
Abrasion Thermal Ionization Mass Spectrometry (CA-TIMS). Cathodoluminescence
(CL) and backscattered electron (BSE) images of representative zircon grains are
shown in figure 5. Details of sample processing, analytical methods, graphical tech-
niques, and full tables of results are given in the Appendix in tables A1-A4. Plots were
prepared using Isoplot (Ludwig, 2012) and software from the Arizona LaserChron
Center (Gehrels and others, 2006).

results

Lourdes Formation
The sample of the Lourdes Formation (NP007A) was collected on Long Point (fig.

1). Bedding in this location dips shallowly to moderately northwest and the rocks have
not been penetratively deformed. Biostratigraphically significant fossils mainly occur
in the middle unit (Black Duck Member) of the Lourdes Formation and include
Upper Ordovician (Sandbian) conodonts of the B. gerdae Biozone (Bergström and
others, 1974) and graptolites of the D. multidens Biozone (Bergström and others,
1974). Specific diagnostic species of conodonts include Appalachignathus delicatulus
(Bergström and others, 1974), Belodina sp., Periodon sp., and Walliserodus ethingtoni
(Fåhraeus, 1966). Our sample was taken from the overlying Beach Point Member
because it contained a significant amount of clastic material. The age is constrained, by
these underlying fossils and those found in the overlying Winterhouse Formation, as
Sandbian or Late Ordovician.

The sample of the Lourdes Formation was collected from a thin laminated bed of
very fine-grained calcareous sandstone and limestone, the coarsest material available.
The outcrop was a medium to thick bedded succession of burrow-mottled limestone,
punctuated by a few thin layers of very fine-grained calcareous sandstone. The sample
collected for analysis was a well sorted, subrounded to subangular, very fine-grained
calcarenite (fig. 6A) with �50 percent carbonate material. The carbonate material is
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mainly peloids and sparry calcite cement. The clastic component is feldspathic
litharenite, containing a mixture of quartz, polycrystalline quartz, lithic fragments and
alkali feldspar.

Fig. 5. Cathodoluminescence (CL) and backscattered electron (BSE) images of representative zircons
from this study. (A) CL images of representative zircons from sample NP007A. Zircon 32 displays a
magmatic, oscillatory zoned core with a metamorphic overprint manifested as an irregular rim showing
sector zoning. Metamorphic grain 36 displays sector zoning. Grain 62 demonstrates oscillatory zoning typical
of elongate magmatic grains with ages of � 1.1 Ga. (B) Backscattered electron images of zircons from sample
NG024A showing low contrast wavy flow zoning. (C) CL images of selected zircons from sample NG043A.
Magmatic zircons 35 and 42 display oscillatory zoning. Grain 40 displays broad sector zoning typical of
metamorphic zircons in the sample. (D) Backscattered electron images of grains from sample NP021A.
Metamorphic grain 84 displays parallel sector zones; metamorphic grain 58 shows wavy flow zoning. (E)
Zircon from rhyolite boulder NP021E; left - transmitted light; right - cathodoluminescence image.
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Fig. 6. Photomicrographs of sampled foreland basin units including: (A) Lourdes Formation; (B)
Winterhouse Formation; (C) Clam Bank Formation; (D) Red Island Road Formation. Scale bars 1 mm. PPL -
plane polarized light; XPL - crossed polars.
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Zircon within the sample is subangular to surrounded and displays moderate
sorting, ranging in size from 40 to 240 �m. Although grains vary in shape from equant
to elongate, larger grains (�150 �m) have an aspect ratios ranging from 1:3 to 1:5.
Most zircon displays typical metamorphic zoning including wavy flow, sector and
banded zoning. Of the 130 zircon grains analyzed, 91 grains are less than 10 percent
discordant. Of the concordant grains almost 80 percent are Mesoproterozoic (fig. 3).
The largest proportion of analyses falls between 0.95 and 1.3 Ga, comprising over 50
percent of the grains. The largest peak within this range occurs between 1.0 and 1.1
Ga, a typical age range for zircon derived from the Grenville Orogen. Oscillatory
zoning is typical of elongate, larger magmatic zircons with an age of � 1.1 Ga. A
significant number of zircon grains, 26 percent, are spread throughout the earlier
Mesoproterozoic to Paleoproterozoic, between approximately 1.3 and 2.0 Ga, with the
largest peak within this range at � 1.65 Ga. A 1.85 Ga peak, generally typical of
Laurentian zircon (Cawood and Nemchin, 2001), is absent. About 21 percent of grains
give Archean ages from 2.5 to 2.9 Ga, with the largest peak at �2.75 Ga, a common age
for Laurentian zircon derived from either the Superior or North Atlantic craton
(Calvert and Ludden, 1999; Corfu and Lin, 2000; Downey and others, 2009). A
conspicuous gap between �2.0 to 2.5 Ga is observed (fig. 3), which is also typical of
zircon populations derived from eastern Laurentia (Cawood and Nemchin, 2001;
Waldron and others, 2008).

Winterhouse Formation
We collected the sample of the Winterhouse Formation (NG024A) from the stratigraphi-

cally highest portion of the Formation, near the contact with the stratigraphically overlying
Misty Point Formation. This location is the waterfall reference section of Quinn and
others (1999) (fig. 1), which has a well constrained depositional age based on
graptolite species C. spiniferus and G. pygmaeus, placing this locality in the lower part of
the pygmaeus Zone, indicating a Late Ordovician, Katian age.

The sample was collected from an outcrop of parallel-laminated, thin-bedded
sandstone. It is a very fine-grained lithic arkose, containing abundant alkali feldspar
and scarce plagioclase, together with a variety of plutonic, sedimentary, and volcanic
rock fragments, and lesser amounts of quartz (fig. 6B). Feldspars and volcanic rock
fragments are strongly altered to clay minerals. The sand was originally probably well
sorted, but original porosity has been occluded by compaction of rock fragments,
strongly modifying the grain shapes.

Zircon within the Winterhouse sample is moderately to well-sorted with grains
ranging in size from 50 to 200 �m. The average grain size is 100 �m. Zircon is
predominantly rounded; angular grains are clearly broken pieces of larger zircon.
Grains display both equant and elongate shapes, about 65 percent of grains having
aspect ratios � 1:2.

A total of 96 out of 125 analyzed zircon grains were less than 10 percent discordant
within the Winterhouse Formation. Approximately 43 percent of zircon grains range
from 0.95 to 1.2 Ga, the largest peak within this range occurring at 1.1 Ga, typical of
local Grenvillian units. A significant percentage of analyses, about 42 percent, are of
earlier Mesoproterozoic to Paleoproterozoic age, ranging from 1.3 to 2.0 Ga. In
common with the Lourdes Formation, a conspicuous gap is observed between 2.0 and
2.5 Ga and a small proportion of analyses (11%) give Archean ages ranging from 2.5 to
2.9 Ga with the largest peak at 2.75 Ga. These age populations are similar to those
observed in the Lourdes Formation (fig. 3). Two older Archean grains at 3.2 and 3.6
Ga are present in the Winterhouse Formation; comparable grains are not observed in
any other foreland basin unit. Two grains have much younger Paleozoic ages. A grain
with an age of 470 Ma is consistent with the timing of ophiolite obduction onto the
Laurentian margin and may represent a metamorphic age associated with this Taconic
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event. The other grain, although having an anomalously young 206Pb/238U age of 435
Ma, younger than the depositional age, is 7 percent discordant and has a 207Pb/206Pb
age of 465 Ma. The grain most likely suffered lead loss. The 207Pb/206Pb age is
consistent with metamorphism during Taconic orogenesis. There is no clear correla-
tion with age and zircon morphology.

Clam Bank Formation
The sample of Clam Bank Formation (NG043A) was taken in the footwall of the

Round Head thrust where bedding is steep to overturned (fig. 1). There are no fossils
in this portion of the Clam Bank succession; however, fossils, including a conodont
assemblage of Ozarkodina remscheidensis eosteinhornensis and O. remscheidensis ssp. from
the marine portion of the Clam Bank Formation (Burden and others, 2002), a few
meters above the sampled bed, indicate a minimum depositional age of Pridoli to
Lochkovian.

We took the sample from a thick overturned bed of coarse-grained, well sorted,
sandstone near the stratigraphic base of the exposed on-land section of Clam Bank
Formation. The sample is a subarkosic arenite with carbonate cement (fig. 6C). Grains
are predominantly monocrystalline quartz with minor feldspar (mostly microcline)
and rare lithic fragments.

Zircon is rounded and well-sorted in the sample and has an average grain size of
�100 �m. The majority of zircon is metamorphic, displaying sector and flow zoning.
Magmatic zircon has well preserved oscillatory zoning. Zircon analyses from the Clam
Bank Formation generate a probability density function similar to those of both the
Winterhouse and Lourdes formations (fig. 3). The distribution includes 98 analyses
which were less than 10 percent discordant out of 137 total analyses. Approximately 45
percent of analyzed concordant grains are within the range of 1.0 to 1.2 Ga and the
largest peak occurs at 1.1 Ga, similar to both the older formations. A major proportion
of the grains (43 %) span the age range 1.2 to 2.0 Ga. There is a complete absence of
grains between 2.0 and 2.6 Ga, also similar to the Winterhouse and Lourdes forma-
tions. A smaller, but still significant proportion of grains occur from 2.6 to 3.0 Ga, with
the largest peak at 2.75 Ga. Only two grains yielded Paleozoic ages of 425 and 465 Ma.
The 425 Ma age is very close to the depositional age of the unit while the 465 Ma zircon
is consistent with derivation from a Taconic source. There is no obvious correlation
between age and zircon morphology.

Red Island Road Formation

The Red Island Road Formation was sampled (NP021A) on Red Island, the only
place the unit is exposed (fig. 1). The beds are subhorizontal, dipping very gently
(�05°) north. The depositional age of the unit is constrained by biostratigraphically
significant palynomorphs above the sampled location, which place the unit in the
Emsian Emphanisporites annulatus – Camarozonotriletes sextantii Assemblage Zone (Quinn
and others, 2004).

We sampled a bed of medium-grained sandstone interlayered between thick beds
of cobble to boulder conglomerate, in which rhyolite clasts are common (fig. 5D). The
sandstone is a moderately sorted, subangular, feldspathic litharenite, with subequal
amounts of quartz, metamorphic rock fragments, and feldspar (mainly perthitic). As in
the case of the Clam Bank sample, compaction of lithic fragments has modified the
original texture.

We also collected a rhyolite boulder (� 30 cm in diameter) from a conglomeratic
bed within the Red Island Road Formation (NP021E) (Location: fig. 1). This boulder
is representative of the most common lithology of cobbles and boulders within the
conglomerate and all rhyolites within the unit are petrographically similar. The sample
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is a porphyritic rhyolite, with phenocrysts of quartz and potassium feldspar in an
aphanitic matrix.

Zircon in NP021A is moderately sorted with an average grain size of �140 �m.
Mesoproterozoic grains range from angular to rounded, many grains being clearly
broken, having cuspate/concave boundaries. Grains display both oscillatory magmatic
zoning and sector and wavy flow zoning typical of metamorphic zircon. The probability
density function for zircon analyses from the Red Island Road Formation notably
differs from the distributions of the three younger units (fig. 3). Of the 101 concordant
analyses, 93 had Mesoproterozoic ages between 950 Ma and 1.2 Ga. The largest peak is
at 1.15 Ga. Only four analyses have ages between 1.5 to 1.7 Ga and three other zircon
grains make a small peak at approximately 1.85 Ga. The handful of Paleoproterozic
grains are generally smaller, equant, and rounded and display sector zoning typical of
metamorphic zircon. There were no Archean grains, in contrast to all other foreland
basin units.

Two of the four TIMS analysis carried out on the rhyolite boulder from the Red
Island Road Formation (Z2, Z4) are concordant (fig. 7E). The other two are signifi-
cantly discordant, having much older 207Pb/206Pb ages than the 206Pb/238U ages. This
is indicative of an inherited zircon component in at least one crystal of each fraction.
Two of the concordant analyses have 206Pb/238U ages of 421 �/� 1.8 and 421 �/� 2.1
Ma, each at 2�. The weighted average 206Pb/238U age is 421 �/�1.3 Ma (Isoplot, 95%
confidence interval, MSWD � 0.44). This age is in the Pridoli Epoch (latest Silurian)
using the timescale of Melchin and others (2012).

K-S Test
The Kolmogorov-Smirnoff (K-S) two-sample test is based on measuring the

maximum difference (D) between each pair of cumulative distribution functions
(CDFs). It can provide a useful objective measure of whether two samples could
have come from the same statistical population (Vermeesch, 2018), although
caution is required in inferring similarities and differences between geological
sources from these statistical similarities, as hydrodynamic and other processes
unrelated to provenance can influence the age-distribution of detrital zircon
(Ibañez-Mejia and others, 2018). Figure 8 displays the results of the K-S test, for
each of the four sampled foreland basin units in this study. Results are expressed as
a value P which is the probability that the observed D values could result from
random sampling of a single population. High values of P indicate that the samples
could have been drawn from the same source population. For the three oldest
samples, the Lourdes, Winterhouse and Clam Bank formations, D 	 Dcrit for all
pairs and we therefore accept the null hypothesis that these samples could have
been derived from the same population. This agrees with our qualitative observa-
tions from the PDFs, which are all similar to one another. The similarity of the
detrital zircon age-distributions, despite the petrographic contrasts between the
three samples, suggests that hydrodynamic factors discussed for fluvial sediments
by Ibañez-Mejia and others (2018) have not seriously influenced the results.
The cumulative probability difference between these older units and that of the
youngest Red Island Road Formation is much greater than Dcrit (despite the
petrographic similarity between the Winterhouse and Red Island Road samples).
We therefore reject the null hypothesis and interpret that this youngest unit was
not derived from the same population as the older foreland units. This also agrees
with our earlier qualitative interpretations, that the Red Island Road Formation has
a distinctly different detrital zircon age spectrum from all other units analyzed in
this study.

709Appalachian foreland basins



discussion
In this section we discuss new detrital zircon data from this study in context of

previously published data and a current understanding of tectonic evolution of the
northern Appalachians.

Previously published detrital zircon data from the Goose Tickle Group (Cawood
and Nemchin, 2001) demonstrate age populations that can be explained by derivation
from siliciclastic units preserved in the Humber Arm Allochthon (fig. 3). Although
Mesoproterozoic peaks between 1.2 and 1.7 Ga are diminished, relative to continental

Fig. 7. U-Pb concordia plots for detrital zircon data from this study including: (A) NP007 (Lourdes
Formation), (B) NG024A (Winterhouse Formation), (C): NG043 (Clam Bank Formation), (D) NP021 (Red
Island Road Formation), and (E) NP021E (zircon from rhyolite boulder). Ellipses represent 2� uncertain-
ties.
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margin units preserved in the allochthon, a large Paleoproterozoic peak is present at
1.85 Ga, similar to that observed in the most distal rift and passive margin units.
Previous interpretations, based on paleocurrent analyses (Quinn, ms, 1992) and
geochemical work on detritus (Hiscott, 1978), also point towards derivation from the
Humber Arm Allochthon immediately east of the basin. However, thickness data
derived from seismic reflection profiles by White and others (2019) indicate that the
succession is derived from more northern regions of the Newfoundland orogen.

The overlying Lourdes, Winterhouse and Clam Bank formations all display
probability density plots which are very similar to one another and, using the results
from the K-S test, we accept the null hypothesis that these three samples could have
been derived from the same source region. We did not perform the K-S test using the
Goose Tickle Group due to the great disparity in the number of analyses relative to our
samples. Although zircon ages from these units are similar to those observed in the
Goose Tickle Group and siliciclastic units of the Humber Arm Allochthon, the
proportions of ages (that is relative peak heights) differ drastically. The most obvious

Fig. 8. Detrital zircon cumulative density plots and results of the K-S test expressed as probability value P
for all pairs of samples analyzed in this study.
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difference is the conspicuously low abundance of Paleoproterozoic grains with ages
of � 1.85 Ga, which are abundant in the Goose Tickle Group. In the Lourdes
Formation the 1.85 Ga peak is absent (fig. 3). This diminished/absent peak indicates a
major shift in provenance during development of the Long Point Group basin.

This shift in provenance coincides with a major shift in Late Ordovician basin
geometry, recognized by White and others (2019) who show that prior to deposition of
the Long Point Group, the foreland basin thickened northward and eastward, imply-
ing loading by the northern Newfoundland segment of the orogen. A dramatic shift, to
a southward-thickening basin, followed during Late Ordovician deposition of the Long
Point Group where it is interpreted that loading along the southern margin of the
basin by Taconic allochthons, now preserved on the Gaspé Peninsula in Québec,
generated the basin into which the Long Point Group was deposited.

Compositionally, the Winterhouse and Misty Point formations are similar to the
Goose Tickle Group. Batten Hender and Dix (2008) show that ratio ranges of Y/Ni
and Cr/V for all three units are similar, suggesting all three units are derived from
sources including ophiolites (Hiscott, 1984; Quinn, ms, 1992). The prominent unidi-
rectional northeast-directed paleocurrent indicators, and compositional similarities
indicate that the Winterhouse and Misty Point formations were derived from the
allochthons in Québec, rather than Newfoundland (fig. 2, arrow 2).

Although no detrital zircon studies have been carried out on continental
margin clastics within allochthons on the Gaspé Peninsula, data have been col-
lected farther south, in New England (McLennan and others, 2001; Macdonald and
others, 2014; Macdonald and others, 2017). The probability density plots of
Laurentia-derived zircon from the Paleozoic metasedimentary rocks in New Eng-
land all display a much diluted Paleoproterozoic (�1.85 Ga) peak, similar to the
relatively small 1.85 Ga peak within the Long Point Group and Clam Bank
Formation in Newfoundland. Other studies which look at zircon in the Cambrian
passive margin units in New England (fig. 3S) demonstrate a complete absence of
Paleoproterozoic ages (Gaudette and others, 1981; McDaniel and others, 1997;
McLennan and others, 2001). We interpret that the decrease in 1.85 Ga ages within
the Upper Ordovician to Early Devonian (fig. 3) foreland basin succession of
western Newfoundland signals the transition from a basin filled by erosion of the
Humber Arm Allochthon to a basin filled by southerly derived detritus from the
Québec and New England Appalachians (fig. 2, arrows 1 and 2).

There are no detrital zircon data from precise correlatives of the Long Point
Group in central or eastern Newfoundland. However, Waldron and others (2012)
report a distribution from the slightly younger (Katian) Point Leamington Formation
in the Badger Group of central Newfoundland. The overall abundance of Mesoprotero-
zoic and older zircon is similar to that of the Long Point Group, but the sample
contains a large population of Early Ordovician grains, interpreted as derived from the
Notre Dame Arc, preserved in the Peri-Laurentian Notre Dame Subzone immediately
west of the sample location. The contrasting scarcity of Ordovician zircon in samples
from the Long Point Group implies that the Taconic Orogen on the Laurentian
margin was still a significant topographic divide in Late Ordovician time. This divide
must have persisted at least until the deposition of the Pridoli to Lokhovian Clam Bank
Formation, which also lacks Ordovician zircon.

The youngest foreland basin succession, the Red Island Road Formation (fig.
4), has a distinctly different age distribution compared to those from older
foreland units, with only one large peak in the population at 1.15 Ga, a handful of
Mesoproterozoic and Paleoproterozoic grains, and a complete absence of all other
populations (fig. 3). Combined with the results from the K-S test (fig. 8), this
indicates that the Red Island Road Formation is not derived from the same source
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region as the older foreland units. Clasts of high grade metamorphic and felsic
volcanic rock, documented in the provenance study of Quinn and others (2004),
also suggest that sources other than earlier foreland basin and platform units
provided detritus to the unit.

The most striking observation is the similarity of the Red Island Road Formation
spectrum to those of autochthonous Bradore Formation (fig. 3). This unit also displays
a very restricted spectrum of ages, the majority of which combine to form a strong 1.15
Ga peak, consistent with derivation from local Grenvillian basement. These observa-
tions may be explained by orogen development during the Acadian Orogeny. White and
Waldron (2019) demonstrate that Middle Ordovician and Neoproterozoic
basement-involved faults were reactivated and inverted during the Acadian Orogeny,
uplifting basement massifs and transporting large, basement-cored fault-propagation
folds up to 12 km towards the west. A strong influx of Grenvillian detritus was likely
shed from Acadian basement uplifts into developing Acadian foreland basins suggest-
ing that these massifs formed major topographic highs which are preserved today in
the Long Range Mountains in Newfoundland.

Although the detrital zircon in the sandstone sample can all be derived from the
Grenville Province, the larger rhyolite cobble within the conglomerate facies has an
age of 421 �/� 1.3 Ma (fig. 7E). No local sources for Silurian felsic volcanic units are
known in this region, although Heaman and others (2002) note the occurrence of
Silurian (430.5�/� 2.5 Ma) mafic volcanic units in the Long Range Inlier. In
southwestern Newfoundland, the Silurian La Poile Group (fig. 1) contains felsic
volcanic rocks, dated at 420 �8/�2 Ma (Dunning and others, 1990), deposited on
Precambrian basement (O’Brien and O’Brien, 1989). Bashforth (ms, 1995) and
Quinn and others (2004) suggested, based on lithological matching, that these
volcanic units sourced cobbles within the Red Island Road Formation. Quinn and
others (1999) also suggest that other regions within the Notre Dame subzone may have
sourced the conglomerate. Although both the La Poile Group and Notre Dame
Subzone can explain Silurian volcanic cobbles, the prevalence of Grenvillian detrital
zircon is not well explained by derivation from either of these terranes as neither of
these regions has any exposure of Grenville basement.

We should also consider terranes presently outside Newfoundland as potential
sources because the relative positions of source terranes have been modified by later
transcurrent movement. A restoration of Appalachian terranes prior to Carboniferous
motion by Waldron and others (2015) shows some outboard terranes shifted �250 km
NE of their present-day positions; Cape Breton Island lies directly east of the present
position of the Port au Port Peninsula. Two main possibilities for Silurian source
terranes exist there. First, the Aspy terrane (fig. 1) contains abundant plutons which
are age equivalent (Lin and others, 2007) and compositionally similar to rhyolitic
cobbles within rocks of the Red Island Road Formation. However, the Peri-Gondwanan
Aspy terrane displays a wide range of ages. Metasedimentary units have detrital zircon
ranging in age from 573 to 1520 Ma and igneous units range in age from 428 to � 620
Ma (Lin and others, 2007). One might expect, if detritus were derived from here, a
larger span of detrital zircon ages within the Red Island Road Formation. The second
option is the Blair River Complex in northern Cape Breton Island (fig. 1), Nova Scotia,
interpreted as an inlier of Grenvillian basement (Miller and Barr, 2000). Paleozoic
igneous activity within the inlier is demonstrated by the 435 �7/�3 Ma Sammys
Barren granite (Miller and others, 1996) and other units interpreted to be Paleozoic in
age, including the Fox Back Ridge granodiorite, smaller gabbroic plutons, and mafic
and felsic dikes (Miller, ms, 1997) which may be the feeders to volcanic rocks observed
in the Acadian foreland basin. We interpret that the Blair River Inlier is a likely source
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terrane for the Red Island Road Formation as it explains both the prevalence of
Grenvillian zircon and Silurian felsic volcanic cobbles.

All foreland basin successions in western Newfoundland demonstrate Laurentian
affinity (fig. 3R) despite the fact that Gondwanan terranes were accreted to the
composite Laurentian margin during both the Salinic and Acadian orogenies. A
possible explanation for the lack of Gondwanan detritus within the basin is that all
Gondwanan terranes were accreted to the Laurentian margin on the lower plate
(Waldron and others, 2012), and underthrust beneath Laurentia. It is likely that this
material was topographically lower than the orogen to the west, and Gondwanan
detritus was only incorporated into basins developed on top or to the east of the
orogen.

conclusions
New detrital zircon geochronology results from the foreland basin successions in

western Newfoundland indicate that the post-Taconic successions are not derived from
the same source region as the earlier Middle Ordovician Goose Tickle Group. Our
interpretation of previously published U/Pb analyses of zircon indicates that the
Goose Tickle Group was derived from clastic units within the Humber Arm Alloch-
thon. We interpret a major shift in provenance during deposition of the Long Point
Group (fig. 2), indicated by a decrease in the relative abundance of 1.85 Ga zircon
accompanied by a reversal in dominant unidirectional paleoflow indicators from SW to
NE (Quinn, ms, 1992; Batten Hender and Dix, 2008). The dominant 1.1 Ga Grenville
peaks within spectra of the Long Point Group and Clam Bank Formation are similar to
age spectra presented in detrital zircon studies of rift and passive margin clastics in the
Québec and New England Appalachians (fig. 3). We suggest that the Long Point
Group was sourced from either the Québec or New England portion of the orogen.
Another major shift in provenance occurs during deposition of the Early Devonian
Red Island Road Formation. An overwhelming abundance of 1.1 Ga zircon and a
minor proportion of older Mesoproterozoic zircon indicate derivation from a
similar source region to that which provided detritus to the oldest rift-related
sediments – basement units of the Grenville Orogen. In addition to an entirely
Grenvillian derived sandstone units, there are abundant rhyolite cobbles one of which
is dated at 421 Ma – with no known local source. Although the La Poile Group may be a
source candidate for the rhyolite cobbles, the combination of U/Pb age data for
detrital zircon and lithologic observations lead us to suggest that the Grenville Blair
River Inlier in Cape Breton, which has a palinspastically restored position east of the
basin during the Devonian, is also a possible source terrane for the Red Island Road
detritus. Basement massifs were uplifted along deep-seated basement faults during
Acadian orogenesis and detritus from these massifs likely filled Acadian foreland
basins.
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APPENDIX
METHODS: U/Pb GEOCHRONOLOGY

Detrital Zircon Geochronlogy
Sample preparation.—All samples were crushed and then sieved through a 250 �m sieve. Light minerals

were then removed using a Wilfley table.
The remaining heavy separates were then bathed in 10% acetic acid to remove carbonate material

(except NP021A as it did not contain carbonate) and then all samples were bathed in 3% hydrogen peroxide
to clean clays from the material. After washing, samples were placed in sodium polytungstate (
 � 2.8) for
further heavy mineral extraction before processing using the Frantz Isodynamic and Barrier separators (for
example, Rosenblum and Brownfield, 2000) to remove magnetic minerals. Finally, the remaining heavy
separates were placed in diiodomethane (MI) to extract the final heavy mineral separate that contained
zircon.

To ensure an unbiased sample, zircon grains were not individually picked. We placed all grains from
the heavy separates in a tray and removed obvious material that was not zircon. All remaining grains were
then mounted on epoxy. In order to expose sections in the grains, the mounts were polished using 1200 �m
sandpaper and then by using 0.3 �m Al oxide powder on a Pellon polishing cloth. Grains were imaged using
scanning electron microscope techniques in both secondary electron and cathodeluminescence imaging
using the scanning electron microscope in the Canadian Center for Isotope Microanalysis (CCIM) facility at
the University of Alberta.

Analysis.—The analyses were carried out in the ICPMS facility at the University of Alberta, using the Nu
Plasma multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS), interfaced with a
NewWave UP-213 laser ablation system. Procedures were modified from Simonetti et al. (2005). A laser beam
diameter of 30 �m was used and, because of the small size of most grains, only a single analysis was carried
out per zircon. We used zircon images to avoid straddling any obvious core-rim boundaries during analyses.
The zircon grains were analysed in groups of 10 to 15, separated by analysis of in-house standards: LH94-15
(1830 � 1 Ma; Ashton and others, 1999; Simonetti and others, 2005) and GJ1-32 (608 Ma; Jackson and
others, 2004; Elhlou and others, 2006). The total number of sample grains analyzed ranged from 111 to 137.
In cases where counts at mass 204 were significantly elevated (� 450 counts per second), a common-Pb
correction was applied using the two stage evolution model (Stacey and Kramers, 1975) to estimate the
common-Pb isotopic composition.

Data reduction.—All analytical results are reported in the Appendix. Data were reduced using an
Excel-based spreadsheet in which isotopic ratios were normalized to the standard analyses. For grains with
uncorrected 207Pb/206Pb ratios less than 0.0658 (corresponding to an age of 800 Ma) we normalize using
in-house standard GJ1-32 (608 Ma; Jackson and others, 2004) and report the 206Pb/238U age which is
typically more precise for younger grains. For grains with uncorrected 207Pb/206Pb greater than 0.0658 (800
Ma) we normalize to in- house standard LH94-15 (1.83 Ga; Ashton and others, 1999) and report 207Pb/206Pb
age. All errors are expressed as 2� and are a quadratic combination of the standard deviation of the standard
means and standard error of the measured isotopic ratio. Only grains which were� 90 % concordant were
used in our calculations and interpretations.

Data reduction.—The software Isoplot (Ludwig, 2012) was used to produce probability density functions
(PDF) (fig. 3) for all samples analysed in this study. Concordia diagrams (fig. 6), weighted means, mean
square of weighted deviates (MSWD) calculations, and other statistical analyses were prepared with the same
software. Cumulative density functions and Kolmogorov-Smirnov (K-S) critical values (fig. 7) were calculated
using software from the Arizona LaserChron Center (Gehrels and others, 2006).

The PDF, the most common tool used when comparing zircon age distributions, is the sum of the
probability distributions derived from individual grains and their analytical errors, which compares the
probability of finding zircon of different ages within the sample. The function displays this information in an
intuitive fashion (fig. 3) so that we subjectively identify similar age peaks, gaps in data, and differences in
peak height as a method of comparing and contrasting the data sets.

Detrital zircon data collected by others and used in this study are re-plotted as PDFs in order draw
comparisons with our results (fig. 3). We use our chosen cutoff age (800 Ma) when plotting the 206Pb/207Pb
versus 206Pb/238U age for others’ data. We also exclude analyses which are discordant by �10%. These
adjustments account for minor differences between the re-plotted PDFs (fig. 3) and previously published
plots.

In addition to PDFs, we also use the Kolmogorov-Smirnoff (K-S) test as a means of mathematically
comparing distributions in order to determine if there is a statistically significant difference between the
distributions. This method, based on the cumulative density functions (CDF), tests the null hypothesis that
the two samples are derived from the same parent population. If the maximum difference in probability
between two curves (D) is greater than a critical value (dependent on the number of analyses), the null
hypothesis is rejected. Ibanez-Mejia (2018) has expressed caution in the use of the K-S test, using results from
modern river sediments to deduce that hydrodynamic factors can introduce statistically significant differ-
ences in zircon distributions even in sediment samples from the same source area. However, populations of
zircon from ancient marine sandstones show much greater homogeneity than those from modern rivers,
suggesting that more effective mixing occurs in marine environments. A recent review of methods by
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Vermeesch (2018) concludes that the K-S test is one of the more effective quantitative tools available for
comparing detrital zircon populations.

TIMS ananlysis.—A rhyolite boulder from a conglomeratic bed within the Red Island Road Formation
(NP 021E) was collected for U-Pb dating of zircon using Chemical Abrasion Thermal Ionization Mass
Spectrometry (CA-TIMS). Preparation and analyses were carried out at Memorial University of Newfound-
land. The boulder was washed and scrubbed to remove any debris, then processed with standard techniques
of crushing and concentration of a heavy mineral separate and then zircon separation. Zircon crystals were
examined under the microscope and the clearest, sharpest euhedral prisms were selected for analysis (fig.
5E). The zircon grains are high quality small euhedral prisms and inclusions, of likely apatite and/or melt,
are visible as well as clear hematite staining along fractures (fig. 5E).

All grains were chemically abraded using the Mattinson (2005) chemical abrasion thermal ion mass
spectrometry (CA-TIMS) technique. Selected grains were annealed 36 hours in an oven at 1000 °C, then
etched in concentrated hydrofluoric acid in a Teflon capsule at 200 °C in an oven for 4 hours. This
procedure is designed to remove any altered domains in the crystal that may have undergone Pb loss. Pb and
U isotopic ratios were measured by thermal ionization mass spectrometry, and results calculated using
Isoplot (Ludwig, 2012). Further details of the lab procedures are presented in Sparkes and Dunning (2014).
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