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DETRITAL ZIRCON GEOCHRONOLOGY OF THE FREDERICTON
TROUGH, NEW BRUNSWICK, CANADA: CONSTRAINTS ON THE
SILURIAN CLOSURE OF REMNANT IAPETUS OCEAN

ROBERT J. DOKKEN*, JOHN W.F. WALDRON*, and S. ANDREW DUFRANE*

ABSTRACT. The Fredericton Trough in the Appalachians of southwestern New
Brunswick is filled by the Silurian Kingsclear Group, consisting mainly of turbidites,
deposited during convergence of Laurentia with components of the peri-Gondwanan
domain Ganderia. Its tectonic setting has been interpreted as a successor basin, trench,
foredeep or foreland basin. We present new detrital zircon U-Pb data from four
formations of the Kingsclear Group, collected north and south of the Fredericton
Fault, which bisects the trough. South of the Fredericton Fault, detrital zircon ages
from an early Silurian (Llandovery) unit show a late Neoproterozoic peak, typical of
peri-Gondwanan provenance. Detrital zircons from a younger Silurian unit (Wenlock -
Ludlow, intruded by the Pocomoonshine pluton, 422.7 = 3 Ma) display a distinctive
asymmetric peak at ~1.0 Ga with a tail of older Proterozoic zircons, suggesting
Laurentian provenance. North of the Fredericton Fault, a Llandovery sample also
shows a signature consistent with Laurentian sources. In a mid-Silurian (Wenlock) unit
zircon peaks indicate mixed Laurentian and peri-Gondwanan sources, consistent with
exhumation of the Miramichi terrane to the north. The absence of Laurentian material
in Llandovery strata south of the fault, contrasted with a strong Laurentian signature in
rocks to the north, suggests that a remnant of the Iapetus Ocean, in which turbidites of
the Kingsclear Group were deposited, persisted until at least the mid-Silurian. The
timing of its closure is constrained by the arrival of Laurentian detritus south of the
Fredericton Fault before 422.7 + 3 Ma, and probably by the mid-Wenlock.

Keywords: Iapetus, detrital zircon, Appalachian, Laurentia, Ganderia, Fredericton
Trough, geochronology, provenance, Silurian, Salinic, New Brunswick, suture

INTRODUCTION

Sedimentary basins within orogens carry a sedimentary record of tectonic activity
that can constrain tectonic models. For example, terrane accretion at a convergent
plate boundary is typically accompanied by an influx of sediment from the upper plate
onto the lower plate. Therefore, in convergent tectonic settings, analyzing the prov-
enance of selected sedimentary rocks can constrain the timing of terrane juxtaposition
(for example, Phillips and others, 2003; Waldron and others, 2008, 2012, 2014a;
Pothier and others, 2015).

The Appalachian orogen of eastern Canada records a complex history of orogen-
esis, resulting from the convergence of Gondwanan elements with Laurentia, the
ancestral core of North America, during the closure of the Iapetus Ocean. Previous
work has divided the orogen into distinct lithotectonic domains based on their
Laurentian or Gondwanan origin (fig. 1; Williams, 1979; Hibbard and others, 2006;
Hibbard and others, 2007). Ganderia (van Staal and others, 1998; Hibbard and others,
2006, 2007; Pollock and others, 2012) is a peri-Gondwanan microcontinental domain,
which probably rifted from the margin of Amazonia (van Staal and others, 1996, 1998)
in the mid-Cambrian (van Staal and others, 2012). Avalonia (Kerr and others, 1995;
Landing, 1996; O’Brien and others, 1996; van Staal and others, 1998; Hibbard and
others, 2007; Pollock and others, 2012) is a peri-Gondwanan domain that probably
separated from West Africa or Amazonia (van Staal and others, 1996; McNamara and
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Fig. 1. Lithotectonic divisions of the Appalachian-Caledonide orogen. Pangean (pre-Mesozoic) recon-
struction after Waldron and others (2014b) and references therein. Box encloses figure 2. Lithotectonic
divisions after van Staal and others (1998) and Hibbard and others (2006, 2007).

others, 2001; Murphy and others, 2002) in the Early Ordovician (Prigmore and others,
1997; van Staal and others, 1998; Murphy and others, 2004b) and was accreted to the
southern margin of Ganderia. Multiple positions and timings, between Early Ordovi-
cian and Early Devonian, have been proposed for sutures associated with Iapetus
Ocean closure between Laurentia, Ganderia and Avalonia (for example, McKerrow
and Ziegler, 1971; McKerrow, 1982; Bluck and others, 1992; van Staal and others, 1998;
Macdonald and others, 2014). In this paper, we use detrital zircon geochronology to
provide new evidence for the timing of amalgamation between Laurentia and peri-
Gondwanan terranes in New Brunswick during early Paleozoic orogenesis. The results
show that the Fredericton Trough, in southern New Brunswick, conceals a remnant of
the Iapetus Ocean that closed during the Silurian, and that Ganderia was accreted to
Laurentia in more than one stage.

GEOLOGIC SETTING

Tectonic Overview

Laurentia developed during the late Neoproterozoic break-up of Rodinia (Li and
others, 2008). The Iapetus Ocean opened between Laurentia, Baltica, and Amazonia
by ca. 570 to 550 Ma (Williams and Hiscott, 1987; Cawood and others, 2001; timescale
of Peng and others, 2012). Ganderia separated from Gondwana by about 505 Ma
(White and others, 1994; Schulz and others, 2008; van Staal and others, 2009, 2012),
though the mechanism of separation is uncertain; van Staal and others (2012) propose
back-arc basin opening, whereas Waldron and others (2014b) propose oblique separa-
tion. Ganderia underwent a complex history of arc formation and rifting before and
during its accretion to Laurentia (van Staal and others, 2009). Components of
Ganderia (see below) collided with Laurentia beginning in the Early Ordovician in
New England (Macdonald and others, 2014), and Late Ordovician in Newfoundland
(van Staal and others, 2009). Silurian accretion of Ganderian material has been
interpreted as the cause of Salinic orogenesis (Dunning and others, 1990; van Staal
and others, 2008, 2009), defined by multiple diachronous unconformities in New
Brunswick (van Staal and de Roo, 1995; Fyffe and others, 2011; Wilson and others,
2015) some of which continue into adjacent New England (for example, Wilson and
others, 2015; Bradley and O’Sullivan, 2017). Avalonia separated from Gondwana by
the Early Ordovician (Nance and others, 2002) and is interpreted to have collided with
Laurentia during late Silurian to mid-Devonian Acadian orogenesis (van Staal and
others, 2009).
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In New Brunswick, Ganderia is represented by several terranes (fig. 2; Fyffe and
others, 2011). North of the Fredericton Trough these include the Popelogan and
Miramichi terranes (fig. 2). The Popelogan terrane (Wilson, 2000, 2003; van Staal
and others, 2016) is correlated with the Victoria Arc of Newfoundland and the Ammo-
noosuc Arc exposed in the Bronson Hill belt in New England (van Staal and others,
1998). It is interpreted to have been accreted to Laurentia during the Late Ordovician
(van Staal and others, 2009). Volcanic and sedimentary rocks of the Miramichi terrane
characterize the Brunswick subduction complex (van Staal, 1994; van Staal and others,
2008), recording the accretion of Ganderian microcontinental material, accompanied
by deformation and high-pressure/low-temperature metamorphism (van Staal and
others, 2008), to Laurentia from the Late Ordovician to early Silurian.

The Annidale and New River terranes (fig. 2) include rocks similar to the
Miramichi terrane (Johnson and McLeod, 1996; Johnson and others, 2009; Fyffe and
others, 2011; Johnson and others, 2012), but located south of the Fredericton Trough.
Along strike to the southwest, the St. Croix terrane is characterized by the Cambrian to
Upper Ordovician Cookson Group (Ludman, 1987; Fyffe and Riva, 1990; Ludman,
1991), interpreted by Fyffe and others (2011) to have been deposited on a Ganderian
passive margin.

The Fredericton Trough obscures the contact between the Miramichi terrane to
the north and the St. Croix terrane to the south (fig. 2); it is filled by the Silurian
Kingsclear Group, consisting mainly of turbiditic sandstone, siltstone, and shale, which
sit unconformably upon the Cookson Group of the St. Croix terrane along the
southern boundary of the trough (Fyffe and others, 2011; Reusch and van Staal, 2012).
The trough is divided by the northeast-striking Fredericton Fault (Park and White-
head, 2003). To the north of the fault, the Kingsclear Group is in contact with rocks of
the Miramichi terrane along the Bamford Brook - Hainesville Fault; its basement is
unexposed. The trough was interpreted as the floor of the “Proto-Atlantic” or Iapetus
Ocean by McKerrow and Ziegler (1971; see also McKerrow, 1982) but reinterpreted by
Williams (1979) as a successor basin. More recent interpretations have suggested it is a
marine foredeep or foreland basin (van Staal and others, 1990; van Staal and de Roo,
1995; van Staal and others 1998) formed by tectonic loading of the Brunswick
subduction complex upon the subducting Ganderian margin during Salinic orogene-
sis (Fyffe and others, 2011). The clastic sedimentary fill of the Fredericton Trough
contrasts dramatically with Silurian volcanic successions that characterize the Mas-
carene Basin and the Kingston belt farther south in New Brunswick.

To the south of all these Silurian basins, the Brookville terrane (fig. 2) (Barr and
White, 1996; White and Barr, 1996; Barr and others, 2003; Fytfe and others, 2011) has
similarities with the New River terrane (Johnson and McLeod, 1996), allowing it to be
assigned to Ganderia (Fyffe and others, 2009, 2011), though some previous workers
(for example, Williams, 1979) assigned the Brookville Terrane to Avalonia. The
Caledonia terrane (fig. 2) includes Ediacaran tuffaceous rock, comagmatic plutons
and a Cambrian to Early Ordovician platformal sedimentary succession consistent with
Avalonia elsewhere in the northern Appalachians (Barr and White, 1996; Barr and
others, 2003; Fyffe and others, 2011).

Interpretations of the Ganderian domain variously regard it as a coherent
microcontinent or a domain of many distinct slivers of lithosphere (Waldron and
others, 2014a, 2014b; Pothier and others, 2015). Whereas the timing of accretion of
the Popelogan and Miramichi terranes of Ganderia to the Laurentian margin has been
relatively well constrained (for example, van Staal, 1994; van Staal and others, 1998,
2008, 2016), the accretion of southern Ganderian components, particularly the St.
Croix terrane (and its assumed New River basement) is less well known. Central to
these issues is the timing of closure of the Iapetus Ocean. In the earliest tectonic
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Fig. 2. New Brunswick terranes and cover successions. Map units after Smith (2005) and Smith and Fyffe
(2006); see also Fyffe and others (2011). Locations reported in this paper are shown. A: Digdeguash
Formation sample; A’: Digdeguash Formation type section. B: Flume Ridge Formation sample. C: Hayes
Brook Formation sample. D: Burtts Corner Formation sample.
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models (for example, McKerrow and Ziegler, 1971; McKerrow, 1982) the Fredericton
Trough was regarded as marking a Silurian lapetus suture correlative with that
identified in the British Isles (Phillips and others, 1976; Leggett and others, 1983;
Bluck and others, 1992). However, Williams (1979) interpreted Iapetus closure in the
Appalachians as Middle Ordovician; Late Ordovician and Silurian rocks including the
Fredericton Trough were regarded as successor basins deposited across the accreted
terranes. Later work (for example, van Staal and others, 1998) in New Brunswick
demonstrated the peri-Gondwanan affinities of the Popelogan and Miramichi ter-
ranes, suggesting that the Iapetus Ocean closed in the Late Ordovician with the
accretion of the Ganderian Popelogan-Victoria arc to Laurentia (figs. 1 and 2; van Staal
and others, 1998). However, prior to this collision, Early Ordovician separation of this
arc from the remainder of Ganderia had opened a wide Tetagouche-Exploits backarc
basin (van Staal and others, 2009, 2012); this basin closed over the Late Ordovician to
mid-Silurian (Williams and others, 1993; van Staal and others, 2009; Reusch and van
Staal, 2012), ending with the accretion of the trailing Gander margin (including the St.
Croix terrane and other southern components — sensu Reusch and van Staal, 2012), in
the terminal event of Salinic orogenesis. In this model, the Fredericton Trough is
interpreted as a marine foredeep basin built upon a Ganderian microcontinent and
filled during the closure of the Tetagouche-Exploits backarc basin. In the remainder of
this paper we examine the provenance of sedimentary rocks in the Fredericton Trough
to determine when a sedimentary connection was established across the trough and to
shed light on the separation and collision of Ganderian fragments as remnants of the
Iapetus Ocean closed.

Stratigraphy

The Fredericton Trough (fig. 2) is filled by the Silurian Kingsclear Group (fig. 3).
At its southern margin, it sits unconformably upon rocks of the Late Ordovician
Kendall Mountain Formation, belonging to the Cookson Group of the St. Croix
terrane. The Kendall Mountain Formation bears Sandbian (ca. 455—453 Ma: timescale
of Cooper and Sadler, 2012) graptolites of the Climacograptus wilsoni zone (Fyffe and
Riva, 1990). To the north, the Fredericton Trough is in contact with rocks of the
Miramichi terrane, separated from them by the Bamford Brook — Hainesville fault.
The Fredericton Trough itself is divided by the Fredericton Fault (fig. 2), correlated
with a segment of the Norumbega Fault Zone in Maine (Ludman and West, 1999;
Ludman and others, 1999).

To the south of the fault, the Kingsclear Group includes the Digdeguash Forma-
tion, comprising medium-grained lithic and feldspathic wacke, quartz wacke, granule
conglomerate, and gray to black shale, with commonly well-graded beds exhibiting
Bouma sequences (Ruitenberg and Ludman, 1978). Fyffe and Riva (2001) recovered
graptolites of the Coronograptus cyphus zone of the upper Rhuddanian stage (early
Llandovery), corresponding to a numerical age of ca. 441.6 to 440.8 Ma in the
timescale of Melchin and others (2012), as shown in figure 3.

The Sand Brook Formation conformably overlies the Digdeguash Formation, and
pinches out to the west. It consists of green-gray feldspathic wacke interlayered with
green siltstone and mudstone (Fyffe, 1991). The age of the Sand Brook Formation is
constrained as late Rhuddanian to Pridoli by its stratigraphic location above the
Digdeguash and below the Flume Ridge Formation.

The highest unit south of the fault, the Flume Ridge Formation, sits with apparent
conformity upon both older units. It includes gray-green calcareous and argillaceous
sandstone, siltstone, and shale (Ruitenberg and Ludman, 1978). The Pocomoonshine
pluton intrudes the Flume Ridge Formation in Maine, and has been dated by West and
others (1992) at 422.7 = 3 Ma, near the Ludlow-Pridoli boundary (Melchin and others,
2012).
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Fig. 3. Simplified stratigraphic chart for the Kingsclear Group. Timescale from Cooper and Sadler
(2012) and Melchin and others (2012); Pocomoonshine pluton age from West and others (1992).

North of the Fredericton Fault, the lowest unit in the Kingsclear Group is the
Hayes Brook Formation, medium to thickly bedded gray quartz wacke interlayered
with thin gray-black shale (Poole, 1963). Its depositional age is constrained by upper
Rhuddanian graptolites of the Coronograptus cyphus zone (formerly Monograptus cyphus;
Cumming, 1960; Fyffe, 1995; Zalasiewicz and others, 2003), identical in age to those
from the Digdeguash Formation to the south.

The Hayes Brook Formation is conformably overlain by green siltstone and shale
of the Cross Creek Formation (Poole, 1963). Its depositional age is constrained by its
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stratigraphic position between the Hayes Brook and the conformably overlying Burtts
Corner Formation.

The Burtts Corner Formation includes gray lithic wacke interlayed with dark gray
siltstone and shale. Beds are well-graded with Bouma sequences, and show flute casts,
climbing ripples, and soft-sediment deformation structures such as flames and convo-
lute bedding (Fyffe, 1995; Park and Whitehead, 2003). Mid-Wenlock (ca. 432.4-430.5
Ma: timescale of Melchin and others, 2012) to early Ludlow (ca. 427.4-426.9 Ma)
graptolites (Cyrtograptus linnarssoniand M. nilssoni zones, now respectively the Cyrtograp-
tus rigidus and Neodiversograptus nilssoni zones; Zalasiewicz and others, 2009) have been
recovered from the Burtts Corner Formation (Fyffe, 1995).

The Taxis River Formation, comprising gray lithic wacke and shale, was previously
interpreted (Poole, 1963) to rest conformably upon the Burtts Corner Formation, but
recent mapping (Smith and Fyffe, 2006 and references therein) suggests faulted
contacts with bounding formations; its depositional age has not been determined, and
itis not further considered here.

Structure

The northeast-trending belt of rocks comprising the Fredericton Trough shows
multiple stages of deformation (for example, Smith, 2005; Smith and Fyffe, 2006), and
only a few studies (for example, Park and Whitehead, 2003) have examined their
structural characteristics in detail. Structural characteristics of individual formations at
their sampled locations are described later in this paper (see also Fyfte, 1995; Fyffe and
others, 2011 and references therein). Rocks of the Fredericton Trough are interpreted
by Park and Whitehead (2003) to record southeast-vergent Silurian thrusting and
folding, documenting Salinic orogenesis, in which a low-angle, northwest-dipping
thrust, a precursor to the Fredericton Fault, divided adjacent slices of the Kingsclear
Group. Later dextral transpressive deformation may have resulted either in the
steepening of this thrust (Park and Whitehead, 2003), or may have produced a new
structure which reactivated or cut it. Ludman and others (1999; see also Ludman and
West, 1999) have documented an extensive history of activity on the correlative
Norumbega Fault Zone to the southwest; the earliest dateable activity of this system is at
ca. 380 Ma, and at present it has been interpreted to display up to 135 km of dextral
offset, although Ghanem and others (2016) have documented earlier cleavage develop-
ment in the Central Maine Trough farther to the NW. Additional work in correlating
the New Brunswick Fredericton Trough with equivalents in Maine is in part hindered
by an increasing Acadian metamorphic overprint (Ludman and others, 1999) to the
southwest, and a paucity of fossils to provide depositional age constraint (Ludman and
others, 1993, 2017).

METHODS

Detrital zircon geochronology has been successfully applied in the Appalachian-
Caledonide orogen to determining provenance and correlating terranes (Cawood and
Nemchin, 2001; Cawood and others, 2003, 2004; Murphy and others, 2004b; Wintsch
and others, 2007; Dorais and others, 2009; McWilliams and others, 2010; Dorais and
others, 2012; Waldron and others, 2012; Macdonald and others, 2014; Waldron and
others, 2014a). Previous work (for example, Cawood and Nemchin, 2001; Waldron
and others, 2014a) has demonstrated that Laurentian provenance is marked by an
asymmetric peak at 1.0 to 1.1 Ga, with a tail of zircons typically extending to ca. 2.0 Ga,
and a scarcity of zircons in the 2.0 to 2.4 Ga range. The population at 1.0 to 1.1 Ga is
attributed to the Grenville orogen, which dominates the provenance of the Laurentian
margin (Cawood and Nemchin, 2001; Waldron and others, 2014a). Peri-Gondwanan
zircon signatures lack this distinctive asymmetric peak, and are distinguished by one or
more large late Neoproterozoic populations, in the 550 to 650 Ma range. Within this
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range, peri-Gondwanan terranes of Avalonia and Ganderia may be distinguished by
slightly older or younger peaks respectively (Murphy and others, 2004a; Fyffe and
others, 2009; Pollock and others, 2009). Additionally, peri-Gondwanan detritus is
frequently distinguished by zircon peaks from 2.0 to 2.2 Ga, often interpreted as
representing derivation from the Eburnian orogen of West Africa or the Trans-
Amazonian orogen of Amazonia (Pollock and others, 2007; Waldron and others, 2009,
2011, 2014a). These distinguishing characteristics enable the differentiation between
sources in Laurentia and the Ganderian terranes which converged with it during
Salinic orogenesis (Waldron and others, 2014a). By examining the fill of the Frederic-
ton Trough for these distinctive detrital zircon signatures, we can determine when
southern components of Ganderia were juxtaposed with Laurentia, and investigate
whether they were separated by a seaway, a possible remnant of the Iapetus Ocean.
Four samples from the Kingsclear Group were chosen, where possible, from
known fossil localities to constrain depositional age. Samples of ~10 kg mass were
selected from the coarser-grained sandstones representative of each formation, while
avoiding any obvious weathering, alteration, or mineralization. A polished thin-section
was made from each sample, for optical and electron microprobe examination. Each
sample was then disaggregated by crushing and milling, and dense minerals concen-
trated using a Wilfley table. The heavy mineral concentrate was sieved with a standard
70 size nylon mesh (approx. 210 um) to remove remnant aggregate particles, and
further processed with Frantz Isodynamic and Barrier separators (for example, Rosen-
blum and Brownfield, 2000) to remove magnetic minerals. A final zircon concentrate
was obtained by gravity separation with methylene iodide (specific gravity of 3.32).
Obvious non-zircons (for example, pyrite) were removed and the remaining portion
then mounted in epoxy for LA-MC-ICP-MS (laser ablation multi-collector inductively
coupled plasma mass spectrometry) U-Pb analysis. Zircons were not selected individu-
ally for analysis, to avoid bias towards easily recognizable zircon morphologies. Each
zircon mount was polished to expose sections through the grains, and imaged to reveal
internal structure (for example, zonation, inherited cores, altered rims) by backscat-
tered electron and cathodoluminescence imaging utilizing a Zeiss EVO scanning
electron microscope. Separated and analyzed zircon grains were classified according to
their morphology, from euhedral to anhedral, as shown in tables 1, 2, 3, and 4.
Representative selections of 132 to 152 grains from each sample were analyzed at
the Canadian Centre for Isotopic Microanalysis (CCIM) at the University of Alberta,
using procedures modified from Simonetti and others (2005) for measuring U-Pb
isotopic ratios by LA-MC-ICP-MS. Each zircon is typically represented by a single spot
analysis, as restricted by physical grain size. When discrete cores and rims of different
age can be distinguished, they are represented by separate analyses (for example, 001A
and 001B within grain 001). Instrumentation consisted of a New Wave UP-213 laser
ablation system interfaced with a Nu Plasma MC-ICP-MS, with three ion counters to
measure Pb isotopes and twelve Faraday buckets measuring ***U, **°U, ***Tl and ***T1.
The laser was operated with a beam diameter of 30 microns, 4 Hz pulse frequency and
fluence of ~3 J/cm”. A He atmosphere was maintained in the ablation cell at a flow
rate of 1 L/min. Output from this cell was combined with that from a standard Nu
Instruments desolvating nebulizer (DSN). Unknowns from each sample were analyzed
in groups of 10, with data collected statically in thirty 1 s integrations. Separating each
set of analyses, on peak gas + acid blanks were measured over a duration of 30 s, and
two zircon reference materials were analyzed to monitor U-Pb fractionation, reproduc-
ibility, and instrumental drift: LH94-15 (1830 *= 1 Ma; Ashton and others, 1999;
Simonetti and others, 2005; Heaman, unpublished data) and GJ1-32 (606 Ma; Jackson
and others, 2004; Elhlou and others, 2006; Heaman, unpublished data). Mass bias for
Pb isotopes was corrected for by concurrently measuring **>T1/%**T1 from an aspirated
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Constraints on the Silurian closure of remnant lapetus Ocean 693

New Brunswick, Canada
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R. J. Dokken and others—Detrital zircon geochronology of the Fredericton Trough
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losure of remnant lapetus Ocean 697

Constraints on the Silurian c

New Brunswick, Canada
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710 R. J. Dokken and others—Detrital zircon geochronology of the Fredericton Trough

0.5 ppb Tl solution (NIST SRM 997), utilizing an exponential mass fractionation law
and assuming a natural **°T1/??*T] of 2.3871. Data were reduced using an offline
Excel-based spreadsheet, in which sample (unknown) isotog)ﬂic ratios were corrected
based on standard analyses, using a cutoff value of 2*’Pb/2°°Pb = 0.0658 (800 Ma):
young grains were normalized to GJ1-32, and old grains to LH94-15. This method of
normalization allows unknowns to be corrected based on standards of a similar age;
natural gaps in our data typically occur at 800 Ma, making this a convenient cutoff.
Uncertainties were reported using a quadratic combination of the standard error of
the measured isotopic ratio, and the standard deviation of the standard means.
Reproducibility of the zircon standards is estimated at ~1 percent (**’Pb/?°°Pb) and
2 percent (2%Pb/2%8U) (20). Sample measurements were discarded in the case of
obvious inclusions that contributed to analysis (and could not be isolated), an extreme
common Pb component, or analysis of non-zircons. Common Pb corrections after
Simonetti and others (2005) were typically applied when measured ***Pb exceeded
~400 cps. The software Isoplot (version 3.75: Ludwig, 2012) was employed to produce
relative probability density plots for zircons 90 percent concordant or better. Concor-
dia diagrams, weighted means, MSWD calculations, and other statistical analyses were
prepared with the same software. Cumulative probability plots and Kolmogorov-
Smirnov tests were calculated using analysis tools from the Arizona LaserChron Center
(Gehrels and others, 2006).

RESULTS

Sampled Units

Lithological and petrographic observations (and classification after Dott, 1964)
from each of the four sampled formations bear broadly similar characteristics (see
below), and are consistent with their interpretation as polydeformed, turbiditic
material deposited in a narrowing seaway. Zircon grains from each of the four
formations share similar characteristics (fig. 4). They vary from rounded, abraded
shapes to euhedral. Older zircons more commonly show rounded forms, and young
zircons (< ~800 Ma) demonstrate more euhedral outlines. Each morphology occurs
in a range of grain sizes, but the largest zircons tend to be both more rounded and
older. Fractured zircon shapes are uncommon, but occur in grains that are otherwise
either angular or rounded. Occurrences of rounded zircons with sharp, cross-cutting
fractures suggest that fracturing occurred late in their history, possibly during the
mineral separation process. Common internal textures include oscillatory zoning
(with or without inherited cores), overgrowths, and various textures related to metaso-
matism, metamictization, or recrystallization.

Digdeguash Formation.—The Digdeguash Formation was examined in the Dig-
deguash river where outcrops exhibit three generations of structures. The earliest
fabric is a bedding-parallel S1 cleavage. F1 folds are not observed at outcrop scale. F2
folds gently plunge eastward and exhibit parasitic folding, and are refolded by F3 folds.
These latest folds are open, with axial traces trending NNE-SSW.

Because of the lack of fossils in the type section, the Digdeguash Formation was
sampled at a known fossil locality (Upper Rhuddanian Coronograptus cyphus zone; Fyfte
and Riva, 2001) in a discontinuous exposure in woodland southwest of Otter Lake (fig.
2). Thin section analysis (fig. 5) using optical and electron microprobe methods
indicates the rock is a feldspathic wacke, with a relatively high amount of matrix
(~40%). However, it is likely that this high matrix proportion conceals an amount of
fine-grained rock fragments, modified by diagenesis, metamorphism and deformation.
Recognizable framework grains consist of quartz (~50%, approximately normalized to
total QFL components; subgrain boundaries and polycrystalline quartz are particularly
common) with a large amount of feldspar (~40%, mainly plagioclase) and some lithic
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Fig. 4. CL (cathodoluminescence) images of selected zircons from four formations of the Fredericton
Trough. Circles, marked during the ablation process, show size and location of 30 micron laser ablation pits.
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1 mm

Fig. 5. Representative thin section photomicrographs from sampled units of four formations of the
Fredericton Trough. PPL: plane polarized light, XPL: cross polarized light. (A) Digdeguash Formation,
NAO03A, PPL. (B) Digdeguash Formation, NAOO3A, XPL. (C) Flume Ridge Formation, NAO10A, PPL. (D)
Flume Ridge Formation, NAO10A, XPL. (E) Hayes Brook Formation, NAOO5SA, PPL. (F) Hayes Brook
Formation, NAOO5A, XPL. (G) Burtts Corner Formation, NAOO1A, PPL. (H) Burtts Corner Formation,
NAOO1A, XPL.
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fragments (~5%). Accessory phases include mainly biotite and opaque minerals with
rare zircon and apatite. Framework grains are mainly subangular, and typically show
evidence of strain. Biotite comprises most of the matrix, along with a small amount of
quartz and feldspar, and uncommon heavy minerals and opaques. A persistent
foliation is present, approximately 60° to bedding, and is defined mainly by biotite, and
to a lesser extent lath-shaped feldspars. Because of the discontinuous nature of the
outcrop, it is not possible to place this fabric into the structural overprinting history
defined at the type section. Detrital zircon morphologies in the Digdeguash Formation
(table 1; fig. 4) include mainly subhedral, subangular forms. Young zircons (< ~800
Ma) are commonly more angular, with high aspect ratios. Older zircons, in contrast,
are more rounded, equant, and anhedral.

Flume Ridge Formation.—The Flume Ridge Formation contains multiple genera-
tions of mapped folds (for example, Smith, 2005), though these structures are
commonly obscured in outcrop by abundant brittle fractures. The sampled section
(fig. 2) is largely overturned, alternating with shorter intervals of upright beds, but the
corresponding outcrop-scale fold closures themselves were not observed. Discrete,
highly sheared intervals typically divide upright from overturned sections, and contain
small folds, rare axial planar cleavage, and small duplexes (< 20 cm width).

The sampled rock (fig. 5) is a lithic wacke, including ~60 percent matrix,
although much of this may represent modified rock fragments and possibly highly
altered feldspar. Approximate QFL proportions include mainly quartz (~75%), and
lithic fragments (~25%). Detrital accessory minerals include mainly muscovite, and
smaller amounts of carbonate lithoclasts, chlorite, opaques, and rare zircon. The
morphologies of the separated zircons (table 2; fig. 4) include proportionally more
rounded, subhedral to anhedral grains than in the underlying Digdeguash Formation.
These rounded, abraded and equant grains typically show ages older than 800 Ma,
whereas younger zircons (< ~800 Ma) are, as previously observed, more angular and
euhedral. The matrix is composed mainly of calcite, muscovite, and fine quartz, with
less common chlorite, opaques, and heavy minerals. Alteration is common, particularly
of the matrix, and products include sericite, iron carbonate, and other iron-rich
phases. A prominent foliation is defined by mostly muscovite and strained or recrystal-
lized phases, and is about 60° to bedding.

Hayes Brook Formation.—The Hayes Brook Formation shows multiple generations
of map-scale folds (for example, Smith and Fyffe, 2006), but may appear less deformed
on outcrop scale relative to other sections of the Fredericton Trough. The sampled
section, at a Coronograptus cyphus fossil locality (fig. 2; Cumming, 1960; Fyffe, 1995),
contains consistently upright, steeply dipping beds striking NE (for example, 045/80).
Visible cleavage in outcrop is at a low angle to bedding, and is strictly limited to thin
finer-grained beds between thickly bedded sandstones.

Thin section analysis (fig. 5) indicates the rock is a feldspathic wacke, comprising
~45 percent matrix. Approximate framework grain proportions include quartz (~50%),
feldspar (40%, mainly albite), and lithic fragments (~10%, including chert, volcanics,
and granitoids). Epidote and titanite make up a small portion of the detrital compo-
nents. Framework grains are mainly subrounded to subangular. The matrix fraction of
the rock includes quartz and feldspar, calcite, muscovite, and chlorite. There is no
obvious or persistent fabric in thin section, despite the presence of orientable phases,
in contrast to outcrop observations of bedding in coarser sandstone layers and cleavage
in finer-grained siltstone and mudstone. Detrital zircons in the Hayes Brook Formation
(table 3; fig. 4) include mostly subhedral, subangular morphologies. Relatively young
zircons (< ~800 Ma) continue to correlate strongly with angular and euhedral shapes.
Older grains include proportionally more rounded, anhedral forms.
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Burtts Corner Formation.—Three distinct generations of folds have been identified
in turbidites of the Burtts Corner Formation by Park and Whitehead (2003). The most
prominent are chevron-type, F2 folds locally exhibiting a well-developed axial planar
cleavage. Interlimb angles tighten, from open to tight, with increasing proximity to the
Fredericton Fault, while fold hinges become more curvilinear. These F2 folds plunge
gently NE and SW, roughly parallel to the strike of the nearby Fredericton Fault. F1
fold closures have not been observed in outcrop, but limited occurrence is suggested
by Park and Whitehead (2003). F3 structures reported by the same authors include
kink bands, and chevron folds with sub-horizontal axial planes and poorly developed
axial planar cleavage. The sampled section (fig. 2), consisting of gray lithic wacke
interbedded with dark gray siltstone and shale, bore graptolites of the Cyrtograptus
linnarssoni (rigidus) zone (Fyffe, 1995).

Thin section analysis (fig. 5) indicates the rock is a feldspathic wacke with a high
proportion of matrix (~55%), again possibly including altered rock fragments.
Framework grains consist of quartz (~75%) with a significant amount of feldspar
(~20%, mainly albite), and minor recognizable lithic fragments (~3%). Major
components are mainly subangular, and irregular grain boundaries are particularly
common in quartz. Common accessories include muscovite, tourmaline and opaque
minerals. Identifiable matrix consists mainly of calcite and white mica, with a small
amount of chlorite. A strong foliation is defined primarily by white mica, and is about
50° to 60° from bedding. Zircons separated from the Burtts Corner Formation (table 4;
fig. 4) show subequal amounts of angular and rounded morphologies. Angular and
elongate forms continue to be more common in young zircons (< ~800 Ma). Older
zircons, in contrast, are commonly more rounded and equant.

Detrital Zircon Geochronology

South of the Fredericton Fault.—Detrital zircon concordia plots and probability
density distributions are shown in figures 6 and 7 for the four analyzed formations of
the Kingsclear Group. To the south of the Fredericton Fault, the upper Rhuddanian
Digdeguash Formation (fig. 7; table 1) shows a dominant statistical peak at ca. 615 Ma,
consistent with sources in the peri-Gondwanan terranes of Ganderia and Avalonia. A
scatter of other Proterozoic zircons range from 1.0 to 2.0 Ga, and a minor Cambrian
peak (488.9 = 7.1 Ma; MSWD of 0.63, probability of fit 0.71) is also observed.

The overlying Flume Ridge Formation (fig. 7; table 2) shows a distinctly different
zircon signature. A strong asymmetric latest Mesoproterozoic (“Grenville”) peak, at
about 1.0 Ga, is accompanied by a range of Proterozoic zircons up to 1.9 Ga, — a
distribution closely resembling those from the Laurentian margin (Cawood and
Nemchin, 2001; Waldron and others, 2008, 2014a) indicating Laurentian provenance.
It bears a strong peak in the Ordovician (ca. 465 Ma), probably derived from an arc
associated with Iapetan subduction. It contains only a single Neoproterozoic zircon
(grain NAO10A-130, 582 = 49 Ma), in contrast to the abundant population in the
underlying Digdeguash Formation, suggesting that peri-Gondwanan sources are mi-
nor. Rare zircons from 2.1 to 2.8 Ga could also represent a combination of Laurentian
and minor peri-Gondwanan sources.

North of the Fredericton Fault.—North of the fault, the upper Rhuddanian Hayes
Brook Formation (fig. 7; table 3) displays a strong Ordovician peak (ca. 465 Ma),
probably representing an arc source. The majority of the remaining zircon is con-
tained in an asymmetric “Grenville” peak at 1.0 Ga, accompanied by a range of
Proterozoic zircons to 1.8 Ga, and a scatter of zircons from 2.4 to 2.8 Ga, indicating
Laurentian sediment input. There are no zircons in the “Eburnean” (2.0-2.2 Ga)
range, nor circa 600 Ma that would indicate peri-Gondwanan sources.

The Burtts Corner Formation (fig. 7; table 4), sampled at a mid-Wenlock fossil
locality, similarly displays an asymmetric “Grenville” peak at 1.0 to 1.1 Ga, suggesting
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Fig. 6. Concordia plots showing analytical results for Silurian samples from the Fredericton Trough.
Data point error ellipses are 20. Plots show all grains analyzed, including highly discordant results that are
disregarded in subsequent plots. Left-hand plots show full range of results; right-hand plots show enlarged
view of younger populations. (A, B) Digdeguash Formation NAOO3A. (C, D) Flume Ridge Formation
NAO10A. (E, F) Hayes Brook Formation NAOO5A. (G, H) Burtts Corner Formation NAOOIA.
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Laurentian sources. However, the range of Mesoproterozoic and Paleoproterozoic
zircons extends back to 2.2 Ga, overlapping the Eburnean range. In addition, it
displays a strong Neoproterozoic (~640 Ma) peak. These observations suggest a
mixture of Laurentian and peri-Gondwanan sources. A peak in the Paleozoic (480 Ma)
is similar in age to the youngest Penobscot volcanics in Central Newfoundland (487 =
3 Ma: Fyffe and others, 2011), volcanism in the Annidale terrane (from 493 = 2 Ma:
McLeod and others, 1992; Ruitenberg and others, 1993; to 481 * 1.7 Ma: Johnson and
others, 2012), and comparable volcanics from the Penobscot Formation in Maine
(489.8 £ 1.2 Ma and 487.1 = 1.2 Ma: Burke and others, 2016). This zircon peak
probably indicates a contribution from Ordovician arc sources, as in the samples from
the Flume Ridge and Hayes Brook Formations.

DISCUSSION

Provenance of Zircon

South of the Fredericton Fault our results show a distinct change in provenance
through time. Although the early Llandovery Digdeguash Formation lacks the 2.0 to
2.2 Ga Eburnean zircons frequently present in peri-Gondwanan rocks (Pollock and
others, 2007; Waldron and others, 2014a), its dominant late Neoproterozoic peak, and
the scatter of Mesoproterozoic zircons without a strong concentration at 1.0 Ga, are
characteristic of peri-Gondwanan provenance (Fyffe and others, 2009; Waldron and
others, 2014a). In contrast, the overlying Flume Ridge Formation shows a distinctive
large and asymmetric Mesoproterozoic “Grenville” peak at 1.0 Ga, with a positive tail of
older zircon extending to 1.9 Ga. These features indicate that by the time of deposition
of the Flume Ridge Formation, Laurentian sources had overwhelmed Gondwanan
sources in this part of the Fredericton Trough. Minor peaks in the Neoproterozoic and
early Proterozoic suggest only a minor contribution of the peri-Gondwanan zircon that
dominates the underlying Digdeguash Formation, or that might suggest exhumation
of the Miramichi terrane to the north. Given our depositional age constraints for these
formations, this brackets the arrival of Laurentian detritus in the southern Fredericton
Trough between the late Rhuddanian (~441 Ma: Melchin and others, 2012) deposi-
tion of the Digdeguash Formation and intrusion of the Pocomoonshine pluton at
422.7 =3 Ma (West and others, 1992), close to the Ludlow-Pridoli boundary (Melchin
and others, 2012). Furthermore, the absence of material consistent with exhumed
Miramichi terrane sources (seen in the Burtt Corner Formation by mid-Wenlock),
suggests that the Flume Ridge sample predates this event: It is likely that the arrival of
Laurentian detritus occurred no later than mid-Wenlock.

North of the fault, in the Hayes Brook Formation (contemporaneous with the
Digdeguash Formation at the resolution of graptolite biostratigraphy; see Melchin and
others, 2012), we record Laurentian detritus in the upper Rhuddanian, indicated by an
asymmetric “Grenville” peak and tail similar to thatin the Flume Ridge Formation. The
conspicuous absence of peri-Gondwanan material suggests that the Miramichi terrane
had not been exhumed at this time. The younger Burtts Corner Formation, in
contrast, has a mixed zircon signature of both Laurentian and peri-Gondwanan
elements, bearing both an asymmetric 1.0 Ga peak and tail, in addition to Neoprotero-
zoic (ca. 660 Ma) and Eburnean (2.0-2.2 Ga) zircons typical of peri-Gondwanan
terranes. Both samples indicate the presence of a significant Laurentian source; the
additional components in the Burtts Corner Formation probably record exhumation
of the peri-Gondwanan Miramichi terrane to the north, following its Late Ordovician
to Llandovery metamorphism under high P/T conditions in the Brunswick Subduc-
tion Complex (van Staal and others, 2008). Exhumation must have occurred by the
Wenlock, consistent with the history proposed by van Staal and others (2008).
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Large Ordovician (~465-480 Ma) peaks are characteristic of each of the three
formations showing Laurentian zircon signatures, comprising 15 to 55 percent of their
detrital zircon populations. The association of these young zircons with Laurentian
detritus suggests that they almost certainly represent peri-Laurentian arcs associated
with Iapetan subduction.

Tectonic Implications

McKerrow (1982) argued that the Iapetan suture in New Brunswick lies along the
Fredericton Trough, the trough itself representing the floor of the Iapetus Ocean
(McKerrow and Ziegler, 1971). However, Williams (1979) regarded the Iapetus suture
as an Ordovician feature and interpreted the Fredericton Trough as a successor basin.
Subsequent work (for example, van Staal and de Roo, 1995 and references therein)
confirmed peri-Gondwanan material north of the trough, and identified the main
Iapetan suture along the Red Indian Line (van Staal and others, 1998), largely
concealed as it passes through northwest New Brunswick. The Fredericton Trough was
interpreted (for example, van Staal and others, 2009) to record a part of the
Tetagouche-Exploits backarc basin, which closed during Salinic orogenesis, with the
Kendall Mountain Formation of the St. Croix terrane recording its south-eastern
passive margin. The terminal Salinic suture, marking the final closure of this seaway,
was determined to lie along the Bamford Brook — Hainesville fault in New Brunswick
(Pollock and others, 2007; Reusch and van Staal, 2012), which bounds the northern
margin of the Fredericton Trough against rocks of the Miramichi terrane (fig. 2). The
Tetagouche-Exploits seaway, though originating as a backarc basin, evolved into a
seaway of significant width (van Staal and others, 2012), showing scarce volcanic input
in its later (Silurian) history (van Staal and others, 2009). Recent reconstructions
(Waldron and others, 2014a, 2014b) suggest that the Iapetus Ocean formed a large
system comprising a number of seas separated by arcs and microcontinents. The
Fredericton Trough, regarded as a part of this larger system, records a remnant of the
Iapetus Ocean in the New Brunswick Appalachians.

Contrasting detrital zircon signatures across the Fredericton Fault suggest that it
marks the position of an earlier structure (for example, a suture or terrane boundary)
(McKerrow and Ziegler, 1971; McKerrow, 1982) dividing two distinct slices of the
Fredericton foredeep as they were accreted to a composite Laurentia (fig. 8). An
alternative hypothesis, that provenance differences could be produced from variable
paleoflows in a small successor basin bounded by contrasting margins, is unlikely in the
case of the Fredericton Trough. Previous work (for example, Waldron and others,
2008, 2012, 2014a) shows that Laurentian detritus is abundant in Silurian deepwater
basins along the Laurentian margin in the Caledonides and Newfoundland, regardless
of spatial and temporal fluctuations in paleocurrent direction. Thus, it is unlikely that
interleaving turbiditic fans from different sources could preserve as clear a separation
of distinct sediment sources as is seen in the contemporary Hayes Brook and Dig-
deguash Formations; reworking of sediment, and mixing of detrital zircon signatures,
would be expected. It is therefore likely that provenance differences seen in the
Fredericton Trough result from tectonic closure of a wider basin.

Structural observations (Park and Whitehead, 2003) indicate that the portion of
the Fredericton Trough to the north of the Fredericton Fault overrode those sedi-
ments to the south, juxtaposing the northern and southern portions of the basin.
Because fabrics and structures in the Kingsclear Group are overprinted by the
Pocomoonshine pluton, dated at 422.7 = 3 Ma, this juxtaposition is interpreted to have
occurred during the Silurian, well before the strike-slip motion (Ludman and West,
1999; Ludman and others, 1999) that brought the two sides of the trough into
approximately their present configuration. The division of provenance across the
fault, between Laurentian and Gondwanan sources, is unlikely to have resulted from
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Fig. 8. Schematic evolution of the Fredericton Trough and adjacent terranes during the Silurian Period.
(A) Late Llandovery; (B) Early Wenlock (before exhumation of the Brunswick subduction complex); (C)
Mid-Wenlock (after exhumation of the Brunswick subduction complex); (D) Devonian, post-accretion. AV:
Avalonia, BC: Burtts Corner Formation, BSC: Brunswick subduction complex, DG: Digdeguash Formation,
FR: Flume Ridge Formation, HB: Hayes Brook Formation, KA: Kingston arc, LR: Laurentia, NR: New River
terrane, PVA: Popelogan-Victoria arc, SC: St. Croix terrane. Arrows indicate the provenance of detritus.

purely strike-slip offset. We therefore interpret that these contrasts record a seaway of
significant width — a barrier to sedimentation—during deposition of the Hayes Brook
and Digdeguash Formations, which are constrained to be approximately of the same
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late Rhuddanian depositional age. Contrasts in provenance between the Burtts Corner
and Flume Ridge Formations may result from localization of exhumed Miramichi
terrane sources along the Laurentian margin, either in time or space, or may indicate
deposition of the Flume Ridge Formation sample prior to the exhumation of the
Miramichi terrane, recorded in the Burtts Corner Formation sample. The seaway
which divided the older Hayes Brook and Digdeguash Formations cannot have
persisted after 422.7 * 3 Ma, because by this time Laurentian detritus is clearly seen in
the Flume Ridge Formation.

Several locations have been proposed for the placement of the Salinic suture in
New Brunswick. A position along the Bamford Brook — Hainesville faults (fig. 2;
Reusch and van Staal, 2012) is not consistent with our results, particularly the evidence
of Laurentian detritus in the late Rhuddanian Hayes Brook Formation, south of this
proposed suture, prior to the closure of the Tetagouche-Exploits seaway. Based on
detrital zircon provenance, the Fredericton Fault itself, though a later feature, approxi-
mates the position of the terminal Salinic suture in the New Brunswick Appalachians
between the late Rhuddanian and 422.7 = 3 Ma (late Ludlow - early Pridoli; West and
others, 1992).

Traced to the northeast, this boundary corresponds to the Dog Bay Line in
Newfoundland (Williams and others, 1993), where detrital zircon data and other work
(Pollock and others, 2007) are consistent with a Silurian closure of the last vestige of
Iapetus Ocean. Farther northeast, in the British Isles, the equivalent Solway Line is
commonly regarded as the Iapetan suture (Phillips and others, 1976; Leggett and
others, 1983; Bluck and others, 1992), bounding the southern margin of the Southern
Uplands terrane. Detrital zircon geochronology in the Caledonides (Waldron and
others, 2014a) provides evidence for Ganderia-Laurentia collision in the Wenlock;
however, there is no evidence for earlier Ordovician accretion of Ganderian frag-
ments, as in the equivalent Canadian Appalachians and New England.

Relationships in Maine are summarized by Ludman and others (2017). The
Fredericton Trough is typically correlated southwestwards with the Bucksport belt of
coastal Maine and the Merrimack Trough of southern New England (Hibbard and
others, 2006). Because of the lack of fossil control it is difficult to unambiguously
match units in these belts with those in New Brunswick. Waldron and others (2018)
speculatively trace the boundary represented by the Fredericton Trough into these
areas. Verifying this hypothesis would require additional constraints on depositional
ages and provenance.

The timing and nature of Ganderia-Avalonia juxtaposition is unclear (for ex-
ample, Landing, 1996; van Staal and others, 1996, 2009), and is not further clarified by
our detrital zircon data. However, work from Pothier and others (2015) in Wales has
suggested that a portion of Ganderia was juxtaposed with Avalonia in the Early
Ordovician Monian/Penobscot orogenic event, associated with sinistral movement
along the Menai Strait Fault System. A similar scenario is possible in the New Brunswick
Appalachians between southern Ganderian terranes and Avalonia, represented by the
Caledonia terrane.

CONCLUSIONS

Detrital zircon U-Pb data from four formations of the Fredericton Trough

contribute to resolving several longstanding controversies in Appalachian geology:

1. A remnant of the lapetus Ocean persisted into the mid-Silurian, and is
recorded by the Fredericton Trough.

2. The closure of this seaway, and terminal Salinic convergence between northern
and southern Ganderian components, is constrained by the arrival of Lauren-
tian detritus within the Flume Ridge Formation: after the late Rhuddanian
depositional age of the Digdeguash Formation, before intrusion of the
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Pocomoonshine pluton at 422.7 = 3 Ma, and probably prior to the mid-
Wenlock deposition of the Burtts Corner Formation.

3. The Brunswick subduction complex, incorporating the Miramichi terrane, was
exhumed by the mid-Silurian and shed detritus into the adjacent Fredericton
Trough. Exhumation occurred after the late Rhuddanian Hayes Brook Forma-
tion, and had occurred by the mid-Wenlock deposition of the Burtts Corner
Formation at the sampled locality.

4. The terminal Salinic suture in New Brunswick may be located close to the trace
of the Fredericton Fault.
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