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Abstract
The Meelpaeg structure in southwestern Newfoundland comprises allochthonous tectonites formed during the Salinic (D1-2)

and Acadian (D3) orogenies. D1-2 occurred between 451 and 417 Ma and culminated in Barrovian metamorphism during termi-
nal collision of the Gander margin with composite Laurentia. Collision was followed by tectonic escape of the deeply buried
rocks between 417 and 412 Ma. Rocks of the Victoria arc and Exploits backarc preserved in the Port aux Basques and Grand Bay
complexes were emplaced during D1 by the Grandys River shear zone, which is outlined by a narrow band of the ca. 451 Ma
Port aux Basques granite, towards the southeast above the Harbour le Cou Group. The contrasting histories displayed across
the Grandys River shear zone are typical of the Dog Bay Line further northeast. Salinic structures were overprinted by faults
and folds formed during Acadian D3 transpression (≤412 Ma), which produced the bi-vergent Meelpaeg structure and emplace-
ment of amphibolite facies tectonites above greenschist facies rocks along its bounding shear zones. F3 folding progressively
steepened the faults, which in turn led to progressive localization of dextral strike–slip in narrow fault zones. The high grade
of metamorphism in the Meelpaeg structure is attributed to protracted underthrusting of the Cabot promontory of the Gan-
der margin beneath composite Laurentia. Salinic convergence was sinistral but became dextral during the Early Devonian,
diachronous Acadian orogeny. The kinematic switch is proposed as a tool to separate Salinic from Acadian structures in the
central part of the northern Appalachians.
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Introduction
The regional extent, duration, and tectonic significance of

the Silurian Salinic orogeny have remained contentious is-
sues since its recognition following detailed geochronolog-
ical studies in the polyorogenic core of the northern Ap-
palachians (e.g., Dunning et al. 1990). Salinic orogenesis
was attributed to the Late Ordovician to Silurian sinistral
oblique closure of a Middle Ordovician backarc basin, which
formed in Ganderia due to arc rifting and backarc spread-
ing during its convergence with Laurentia (van Staal 1994;
van Staal et al. 1998, 2012, 2016; Valverde-Vacquero et al.
2006). Backarc spreading divided Ganderia into two halves:
a leading arc terrane referred to as the Popelogan–Victoria
arc and a trailing margin referred to as the Gander mar-
gin (van Staal 1994). This wide oceanic backarc basin, re-
ferred to in Newfoundland as the Exploits backarc basin, rep-

resents the last vestige of the Iapetus Ocean, which termi-
nally closed during the Silurian by northwest-directed sub-
duction (van Staal 1994). Disorganized spreading and multi-
ple stages of arc rifting created a complex oceanic marginal
basin containing several isolated ribbons of arc rocks (van
Staal et al. 2003, 2016; Zagorevski et al. 2010; Fyffe et al.
2023), which sequentially accreted to composite Laurentia
during its closure (van Staal et al. 2008; van Staal and Barr
2012; Wilson et al. 2015). Latest Silurian inversion of synoro-
genic basins such as the Fredericton–Merrimack Trough and
central Maine–Matapedia belt in maritime Canada and New
England (van Staal and de Roo 1995; Reusch and van Staal
2012; Dokken et al. 2018; Eusden et al. 2023) suggests that
Salinic orogenesis likely occurred throughout the northern
Appalachians. However, this interpretation is challenged by
a lack of geochronological evidence for Silurian tectonism in
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the southern New England Appalachians, which is mainly un-
derlain by exhumed high-grade metamorphic rocks formed
during the Early-to-Middle Devonian Acadian and younger
orogenic events (e.g., Hillenbrand et al. 2021). The high-
temperature overprint from the superimposed orogenesis
thus may have destroyed most evidence for Salinic orogen-
esis in these rocks. The Salinic orogenic cycle ended with di-
achronous partial subduction (A-subduction) and structural
thickening of the Gander margin, although exactly when
underthrusting and tectonic processes such as slab break-
off, synorogenic magmatism, and exhumation finished, is
not well known (van Staal et al. 2014a). In addition, Aca-
dian orogenesis rapidly followed and/or may have partially
overlapped in time in some places with the last gasps of
Salinic tectonism elsewhere (Wilson et al. 2017). The Acadian
orogeny is markedly diachronous such that it becomes pro-
gressively younger from southeast to northwest (Bradley et
al. 2000) and was attributed to the terminal closure of a nar-
row Acadian oceanic seaway between the upper plate Gander
margin and lower plate Avalonia and the subsequent pro-
tracted shallow underthrusting of Avalonia beneath Gande-
ria (e.g., van Staal et al. 2012; van Staal and Barr 2012; Wilson
et al. 2017; Bagherpur Mojaver et al. 2021). Separation of
the effects of the Salinic and Acadian orogenies in metamor-
phic rocks on basis of time alone can therefore be difficult,
which led some authors to group all post-Taconic (Ordovi-
cian) tectonism into Acadian (sensu lato) orogenic event (e.g.,
Hillenbrand et al. 2021), or proposed that Salinic and Aca-
dian orogenies are better interpreted as one continuous oro-
genic cycle rather than two kinematically unrelated events
(e.g., Murphy and Keppie 2005). However, separate phases
of arc magmatism (Fig. 1), foreland basin development (van
Staal et al. 2014a; Reusch and van Staal 2012; Wilson et al.
2017), and changes in oblique motions (e.g., O’Brien et al.
1993; Hibbard 1994; van Staal and de Roo 1995) suggest these
orogenic phases represent separate events.The nature of the
final phases of Salinic tectonism and the onset of Acadian
orogenesis, duration of a potential hiatus, nature of oblique
movements in southwestern Newfoundland, and their tec-
tonic implications for the tectonic evolution of the northern
Appalachians are topics discussed in this paper.

Geological setting of the Port aux
Basques area in southwest
Newfoundland

A wide belt of allochthonous, polyphase-deformed
medium-to-high-pressure (8–10 Kb) amphibolite facies
tectonites, previously referred to as the Port aux Basques
gneiss (Brown 1976), is preserved in southwestern New-
foundland (Figs. 1 and 2) (Chorlton and Dallmeyer 1986;
Owen 1992; Burgess et al. 1995). The tectonic setting and
significance of the tectonites was poorly understood before
detailed multidisciplinary investigations in the 1990s and
2000s (e.g., van Staal et al. 1996a, 1996b; Schofield et al.
1998; Valverde-Vaquero et al. 2000). The metamorphic tec-
tonites near Port aux Basques are bordered by the Cape Ray
Fault zone (CRFZ) in the west and the Bay le Moine fault

zone (BMFZ) in the east (Fig. 1). The CRFZ represents the
Beothuk Lake Line in this part of Newfoundland, which is a
new name for the Red Indian Line of Williams et al. (1988),
introduced by Slack et al. (2024) following the renaming
of Red Indian Lake to Beothuk Lake by the Newfoundland
government, but still giving credit to the original name
introduced by Williams et al. (1988). Waldron et al. (2022)
referred to this line as the Mekwe’jit line. The Beothuk
Lake Line is the surface expression of the boundary where
different tectonostratigraphic arc assemblages formed on
opposite sides of the Iapetus Ocean were structurally jux-
taposed during the Late Ordovician (van Staal et al. 1998;
2007; Zagorevski et al. 2008, 2010, 2023). This boundary is
referred to as a line in Newfoundland, because it is in places
severely overprinted and modified by younger faults and
hence not a continuous single fault (Williams et al. 1988).
The southeast-dipping CRFZ (Figs. 1 and 2) is an example of a
Devonian fault (Dubé et al. 1996) that significantly obscured
the geometry of the structures formed during the initial, Late
Ordovician juxtaposition of the two different arc terranes
(Williams et al. 1988; Lin et al. 1994; Valverde-Vaquero et
al. 2006). Seismic and geological evidence indicate that the
original fault zone and associated structures that marked
the Beothuk Lake Line had a dip to the northwest due
to subduction of the Godwanan Victoria arc and its older
Penobscot arc substrate beneath the peri-Laurentian arc
terrane (Thurlow et al. 1992; Zagorevski et al. 2008, 2010).
The older northwest-dipping fault segment of the Beothuk
Lake Line and the adjacent rocks of the Victoria arc in central
Newfoundland are truncated and overridden to the south-
west by the southeast-dipping Victoria Lake shear zone (Fig.
1) (Valverde-Vaquero et al. 2006), which is the along strike
continuation of the CRFZ to the northeast after restoring the
dextral transcurrent motion along the intervening Gunflap
Hills fault (Fig. 1) (Lin et al. 1994). Together the CRFZ and the
Victoria Lake shear zone represent the western-leading basal
thrust of the Acadian “Meelpaeg nappe” (Fig. 1) of Valverde-
Vaquero et al. (2006), which was defined by the structural
emplacement of high-grade metamorphic tectonites and
associated granitoid bodies above lower grade (greenschist
facies) rocks on all sides. Part of the Victoria arc and any
older substrate are therefore probably structurally buried
beneath the western part of the “Meelpaeg nappe,” because
the southeast-dipping CRFZ and the Victoria Lake shear
zone accommodated major westward-directed thrusting
during the Devonian (Dubé et al. 1996). Sructural evidence is
presented herein that the “Meelpaeg nappe” is not a single
thrust nappe, but an allochthonous belt of metamorphic
tectonites, referred to herein as the Meelpaeg structure and
the Meelpaeg tectonites. The Meelpaeg structure (Figs. 1 and
2) is bordered by two opposite verging thrust faults (CRFZ
and BMFZ), which in part are interpreted to have been active
at different times and accommodated different kinematic
evolutions. Reference to the “Meelpaeg nappe” where used
is therefore given in quotation marks. The allochthonous
Meelpaeg structure terminates in central Newfoundland, al-
though the nature of the structural termination is obscured
by intrusion of a large Middle Devonian granite (ca. 386 Ma)
(Valverde-Vaquero et al. 2006). Movement on the bordering
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Fig. 1. Geology of southern Newfoundland with inset showing the area of the map and realm and zonal divisions of Newfound-
land modified from Hibbard et al. (2006) and van Staal et al. (2014a); tectonic settings of the zones after. Names of plutons,
units, major faults, and outline of Meelpaeg structure in black, whereas geographic locations are in light grey. Barc, backarc;
ba-margin, backarc basin passive margin; BF, Billiards Brook Formation; BDFZ, Bay d’Est Fault Zone; BDNG, Bay du Nord Group;
BEG, Bay d’Espoir Group; BHG, Baggs Hill Granite; BLL, Beothuk Lake Line; BMFZ, Bay le Moine Fault Zone; BVBL, Baie Verte
Brompton Line; BVOT, Baie Verte Oceanic Tract; CF, Cabot Fault; CRFZ, Cape Ray Fault Zone; DBL, Dog Bay Line; DCF, Day Cove
Fault; DF, Dover Fault; Exbarc, Exploits backarc; GBFZ, Grand Bay Fault Zone; GHF, Gunflap Hills Fault; GRSZ, Grandys River
Shear Zone; HBF, Hermitage Bay Fault; IIG forlandbas, Indian Island Group foreland basin; IMF, Isle aux Mort Fault; LPG, La
Poile Granite; LPGP, La Poile Group; MS, Meelpaeg structure; RBG, Rose blanche Granite; RRB, Rocky Ridge Belt: Varc, Victoria
arc; VLSZ, Victoria Lake Shear Zone.

fault zones of the Meelpaeg structure thus had terminated by
the Middle Devonian, which was confirmed by the detailed
structural and geochronological investigations of the CRFZ
by Dubé et al. (1996).

Geochronological evidence suggests the Meelpaeg tec-
tonites between the CRFZ and BMFZ in southwestern New-
foundland were intensely deformed (van Staal et al. 1992;
Lin et al. 1993) and metamorphosed to upper amphibolite fa-
cies conditions during the latest Silurian to earliest Devonian
(Dunning et al. 1990; Burgess et al. 1995; Valverde-Vaquero et
al. 2000). Allochthonous tectonites metamorphosed to rela-
tively high pressures (10–8 kb) and temperatures (650–750 ◦C)

(Burgess et al. 1995) during the Silurian to Early Devonian
are relatively rare in Newfoundland and the Canadian Ap-
palachians in general and hence these rocks provide insight
into the tectonic processes that were active in the infrastruc-
ture of the Salinic and Acadian orogenies and have an im-
portant bearing on the formation and tectonic evolution of
the Meelpaeg structure. Lin et al. (1994) interpreted forma-
tion of these Meelpaeg tectonites in southwestern Newfound-
land as due to wedging and west-directed thrusting of a tec-
tonic flap of high-grade rocks during the final stages of the
late Silurian to Devonian collision between a promontory on
the Gander margin (Cabot promontory) and the St. Lawrence
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Fig. 2. (A) Simplified geology of southwestern Newfoundland modified from van Staal et al. (1996a, 1996b). Ages and metamor-
phic zones compiled from Dunning et al. (1990), Burgess et al. (1995), Dubé et al. (1996), and Valverde et al. (2000) and those
presented herein. The map units are labelled in the right lower corner. The antiform–synform symbols for major F2 and F3
folds are open and solid black, respectively. In addition, the line weight is higher for F3. Some of the units and details shown
in cross-sections B and C have been omitted on the map for the sake of clarity but can be seen in the detailed maps of Figs. 5
and 6. Upper Ordovician to Silurian rocks of the Windsor Point Group lie unconformably on the older rocks of the Dashwoods
terrane (Dubé et al. 1996). (B) Cross-section (A-A’) through the Grand Bay Complex and Port aux Basques Complex. (C) Cross
section (B-B’) through Harbour le Cou Group and eastern part of Port aux Basques Complex. Down plunge projections are in-
terpretive and schematic due to non-cylindricity of F3 folds and unknown structural complexities at depth. Abbreviations are
partly given in Fig. 1. BBF, Big Barachois fault; BIBA, Burnt Island Brook anticline; DRD, Dolphin Road dome; GRSZ, Grandys
River shear zone; GSA, Grandy Sound antiform; IMDZ, Isle aux Morts deformation zone; IMF, Isle aux Mort Fault; OBF, Otter
Bay Fault.
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promontory on the Laurentian margin. The deformation dis-
cussed herein thus may also provide further insight on the
tectonic role of promontories and comparison of the struc-
tures formed in the re-entrant further to the northeast (e.g.,
Lafrance and Williams 1992; Zagorevski et al. 2007; van Staal
et al. 2014a; Willner et al. 2018; Honsberger et al. 2022) versus
those in the adjacent promontories during collision.

Southwestern Newfoundland is characterized by generally
excellent and nearly continuous exposure in a ca. 5–7 km
wide strip along the coast. The results of detailed structural
analysis combined with geochronological and petrological
investigations in this part of Newfoundland are presented
herein.

Geological units
The amphibolite facies Meelpaeg tectonites between the

CRFZ and BMFZ (Fig. 2) have been divided into three major
polyphase-deformed lithological units (van Staal et al. 1996a,
1996b; Schofield et al. 1998) that are separated by fault zones.
From west to east, these are the Grand Bay Complex (GBC),
Port aux Basques Complex (PABC), and the Harbour Le Cou
Group (HLCG). The geology of the central PABC has a bear-
ing on interpretations of the other two units and is therefore
described first.

Port aux Basque Complex (PABC)
The PABC is separated from the GBC to the west by the

Grand Bay Fault zone (GBFZ). To the east, it is separated
by Grandys River shear zone (GRSZ), part of the wider Isle
aux Morts deformation zone (IMDZ), from the HLCG (Figs.
1, 2, and 5). The supracrustal rocks of the PABC (Figs. 3A,
3C, 4B, 4E, and 4G) are mainly represented by quartz-rich
metasandstone rhythmically interlayered to varying degrees
with pelitic and semipelitic layers, which were metamor-
phosed into paragneiss and garnet, kyanite, or sillimanite-
bearing schist, respectively. The metasandstone beds are dis-
tinctive and correlate with the Cambrian to Lower Ordovi-
cian Gander Group elsewhere in Newfoundland (Ganderia’s
cover sequence 1 or GCS1; van Staal et al. 2021). Sedimen-
tary structures are rarely preserved, but grading (Fig. 4G)
and cross-bedding (van Staal et al. 2021; Fig. 5B) occur in a
few places. The rocks are intruded by a regionally extensive
swarm of pre-tectonic mafic dikes (Schofield et al. 1998); felsic
to mafic intrusive bodies of the Floian to Darriwillian Marga-
ree and Kelby Cove orthogneisses (Fig. 2); and narrow sheets
of the Upper Ordovician Port aux Basques granite (Fig. 3H)
(Valverde-Vaquero et al. 2000, 2006). The generally narrow
Port aux Basques granite sheets, commonly well outlined on
air photos, cut all other pre-tectonic igneous and supracrustal
rocks and are complexly folded (Figs. 2, 3H, and 5). Hence, the
Port aux Basques granite represents an important structural
and time marker, especially considering that the Port aux
Basques granite is absent in the HLCG, east of the GRSZ (Figs.
2 and 5). Although transposition and rare preservation of sed-
imentary structures prevented erection of a regionally map-
pable subdivision of the metasedimentary rocks, the struc-
turally lowest and possibly oldest rocks of the PABC are rep-
resented by medium-to-thinly bedded mica-poor, metasand-

stone (Figs. 3C and 4E). Thin red coticule beds occur in some
of the thicker metasandstone beds and are common in Mid-
dle Cambrian rocks of the GCS 1 (van Staal et al. 2021), sug-
gesting that the oldest rocks of the PABC are Middle Cam-
brian and/or older. Structurally above these rocks, rhythmi-
cally interlayered dark, graphite-bearing schist layers become
more common (Fig. 4G). These sedimentary rocks are corre-
lated with the upper Cambrian to early Floian rhythmically
interlayered metasandstone and black shale of the GCS1.

The Margaree orthogneiss comprises a relatively juvenile
(Whalen et al. 1997) mafic to felsic intrusive complex. Min-
gling of the mafic and felsic rocks indicate they are coeval
(Valverde-Vaquero et al. 2000). The composition of the ig-
neous rocks varies from arc tholeiite to within-plate basalt
in the intrusive mafic amphibolite dikes, suggesting a rifted
arc setting that developed into a backarc basin (Schofield et
al. 1998). The Margaree orthogneiss yielded U–Pb zircon TIMS
ages between 474 and 465 Ma, which combined with the U–
Pb zircon dates between 454 Ma (Fig. 2, Valverde-Vaquero et
al. 2000, 2006) and 451 Ma (see U–Pb geochronology section
below) of the cross-cutting Port aux Basques granite (van Staal
et al. 1996a, 1996b) suggest that all the orthogneiss and pre-
tectonic amphibolite intrusions in the PABC are late Early-to-
Middle Ordovician.

The Upper Ordovician Port aux Basques granite (Fig. 3H)
is a distinct suite of narrow white to red biotite and locally
hornblende-bearing granitoid sheets, which have composi-
tions ranging from low-K tonalite to granite (Whalen et al.
1997). They represent the last gasp of magmatism associated
with the complex Floian to Katian evolution of the Victo-
ria arc and Exploits backarc in this part of Newfoundland
(Valverde-Vaquero et al. 2006; Zagorevski et al. 2010).

The PABC is thus a composite terrane comprising intrusive
bodies related to the Victoria arc and Exploits backarc evolu-
tion, and an older Gander margin substrate (Fig. 1). Members
of the older Penobscot arc, which locally underlie the Victoria
arc further to the north (Zagorevski et al. 2010), have not been
recognized but may be present as suggested by Schofield et al.
(1998). A Gander margin substrate to the Victoria arc with few
exceptions (Rogers et al. 2006) is largely unexposed elsewhere
in Newfoundland but identified on basis of isotopic and in-
herited zircon data (Zagorevski et al. 2008, 2010). It indicates
that part of the Gander margin after Early Ordovician obduc-
tion by elements of the Penobscot arc and associated backarc
(Colman-Sadd et al. 1992; Zagorevski et al. 2010) became the
substrate to the Victoria arc, which in turn was subjected
to Middle Ordovician backarc rifting (Valverde-Vaquero et al.
2006). The Gander margin thus was modified during two suc-
cessive stages of backarc opening and closing (van Staal et al.
2021; van Staal and Barr 2012).

Grand Bay Complex (GBC)
The GBC is the most western unit and is sandwiched be-

tween the CRFZ in the west and the GBFZ in the east (Fig.
2). The GBC rocks are generally highly strained tectonites
dissected by moderately to steeply southeast-dipping shear
zones (Figs. 3D and 3G). Hence stratigraphic relationships
could not be deciphered among its supracrustal rocks. This
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Fig. 3. A: Subvertical outcrop of PABC straight gneiss tectonite immediately west of the Isle aux Morts fault with backrotated
swells in well-foliated Margaree aplite, which indicate shear towards the northwest (left). Quartz-rich veins in the tectonite
are isoclinally folded and strongly boudinaged, all consistent with high non-coaxial strains. Fieldbook on horizontal ledge for
scale, (B) Subvertical outcrop with steeply plunging mineral/stretching lineation defined by sillimanite nodules and garnet
porphyroblasts with sillimanite pressure shadows in S2 in Otter Brook Formation of the HLCG. Monazite of sample 93GD16
(Fig. 7) was collected at this outcrop; (C) Brittle reverse fault with movement to the northwest (left) in PABC tectonites in
town of Port aux Basques. Claudia Riveros for scale, (D) small-scale thrust in Kelby Cove orthogneiss tectonite in GBC in
the footwall of the GBFZ, (E) Sinistral S-C fabric in intrusive syntectonic Rose Blanche granite sheet caught up in the IMDZ.
Note that the sinistral fabric is overprinted by a small dextral shear zone near the bottom of photograph, (F: Southerly or
southeasterly overturned, nearly recumbent F2 fold in white Rose Blanche granite aplite that cut strongly foliated (S1 and S2)
rusty metasandstone and pelite of the Otter Bay Formation of the HLCG. The fold is less tight than isoclinal F2 folds in the
country rock (poorly visible) and the S2 foliation is weakly developed or absent in the granite, consistent with other evidence
that intrusion took place during D2. The folds and S2 are openly folded by F3 because the D1-2 structures are situated in the
hinge of a large shallowly northeast plunging F3 fold. Note the oblique boudinage of a narrow granite vein with respect to
Sm, suggesting the thicker granite aplite was buckled when it moved into the shortening field from an orientation at a high
angle to the extension direction indicated by the extended narrow vein, which is assumed to have progressively rotated into
the field of extension during D2-related, southeast-directed shear (to the right). Person for scale. (G) Mushroom interference
pattern between isoclinal F2 and tight F3 folds in Kelby Cove felsic orthogneiss tectonite in the GBC with strong S1 between
the CRFZ and GBFZ. Note the curviplanar nature of the F3 axial surfaces indicating dextral sense of shear. (H) GRSZ tectonite
in the Port aux Basques granite with intrafolial F2 fold of S1 refolded by open to close F3 folds. Abbreviations in Figs. 1 and 2.
PABC, Port aux Basques Complex; HLCG, Harbour Le Cou Group; GBC, Grand Bay Complex.
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Fig. 4. (A) Refolding of F1 isocline by reclined F2 fold in thin-bedded rusty psammite and pelite of the Grandy’s Formation
of the HLCG; S2 is moderately dipping towards the north. Small-scale F3 folds are not visible; (B) Refolding of F2 isocline in
metasandstone and semi-pelite of the PABC by open to close F3. Well-developed S1 folded by F2 includes strongly attenuated
Port aux Basques granite veins; (C) Recumbent F2 sheath and curtain folds in Otter Bay Formation metasandstone of the HLCG
with lineation parallel to F2 and small open F3 with weak S3; (D) Doubly plunging, tight disharmonic F3 buckle folds in red
coticule layers in sillimanite schists of the Grandy’s Formation of the Harbour Le Cou Group. This type of plunge reversal
produced the map-scale F3 domes; (E) Fishhook like interference pattern between F3 and F2 folds in PABC metasandstone and
narrow pegmatite vein mimicking the large-scale interference pattern shown by the Port aux Basques granite that defines the
GRSZ; (F) Stretching lineation (Ls) in HLCG folded by F3 fold; (G) upright upwards facing F3 fold (for space reasons rotated 90◦

to right in photo) in graded metasandstone-pelite of the PABC. Grading is best recognized by the progressive refraction of S3;
(H) Strongly curvilinear F3 fold in PABC folding an older mineral/stretching lineation. A younger mineral lineation is parallel
to the F3 hinge line. PABC, Port aux Basques Complex; HLCG, Harbour Le Cou Group; GRSZ, Grandys River shear zone.
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Fig. 5. (A) Geology of the Isle aux Morts deformation Zone (IMDZ) with lower hemisphere equal area projections of the main
structural elements (poles to planes and lineations); F3n and F3s refer to small-scale F3 folds on the north limb and south limbs
of the F2 Burnt Island Brook structure, respectively. The old (pre-F2) Grandys River shear zone (GRSZ) is outlined by solid black
line with barbs on the hangingwall, whereas D3 transcurrent faults are marked by relatively heavy dashes and dots. Contacts
of lithological units are finely dashed and where inferred are dotted. The F2 folds are characterized by two ticks along the
trace of their axial surfaces, whereas three ticks outline F3 axial surfaces. The symbols for antiform and synform of F2 and F3
are open and solid, respectively (also see Fig. 2). BIF, Burnt Island Faults; IMF, Isle aux Mort fault (proper); OBF, Otter Bay fault;
P, pillow basalt. (B) Three-dimensional sketch of the interference pattern of the Port aux Basques granite (red) that defines the
GRSZ. (C) Photo with cataclasite of the IMF in small tributary of the Grandys River. A young Pablo Valverde-Vaquero for scale.
GRSZ, Grandys River shear zone
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unit mainly comprises rhythmically alternating garnet, stau-
rolite, and kyanite-bearing micaceous schist, which are lo-
cally migmatized, coticule beds, orthogneiss and mafic am-
phibolite sheets of various thicknesses (van Staal et al. 1996a;
Burgess et al. 1995; Schofield et al. 1998).

Intrusive relationships are locally preserved between the
metasedimentary rocks of the GBC, the felsic to mafic mem-
bers of the pre-tectonic Kelby Cove orthogneiss (Figs. 3D
and 3G) and the transposed amphibolite dikes like those in
the PABC. The felsic gneisses comprise hornblende and/or
biotite-bearing tonalite to granite, whereas amphibolite and
rare cummingtonite-bearing hornblendite represent meta-
morphic mafic and ultramafic (pyroxenite) rocks (van Staal
et al. 1996a, 1996b). The Kelby Cove orthogneiss has geo-
chemical compositions very similar to the Floian to Darriwil-
ian (474–465 Ma) Margaree orthogneiss of the adjacent PABC
(Valverde-Vaquero et al. 2000), which is therefore interpreted
to be consanguineous (Schofield et al. 1998). This is supported
by the preserved intrusive relationships between the Late Or-
dovician Port aux Basques granite (Figs. 3H and 4E) and the
older Kelby Cove orthogneiss and amphibolite dikes.

The metasedimentary rocks of the GBC are interpreted to
have been deposited above the PABC based on two lines of
evidence: (1) metasandstone and metapelite characteristic of
the PABC, inferred to be early Floian or older in age, occur
structurally below metasedimentary rocks of the GBC in the
cores of large antiforms such as the Dolphin Road dome (Fig.
2, DRD), and (2) a close stratigraphic relationship must have
existed between the GBC and the PABC before intrusion of
the Middle-to-Late Ordovician stitching mafic and felsic in-
trusions and subsequent tectonism (see below). The metased-
imentary rocks of the GBC are therefore inferred to have been
deposited during the Floian to Dapingian, which is consistent
with the common presence of coticule layers. A horizon of
coticules (Fig. 4D) occurs in Dapingian sedimentary rocks of
the Gander cover sequence 2, which was disconformably de-
posited on the Gander margin after the Penobscot orogeny
(van Staal et al. 2021).

Harbour Le Cou Group (HLCG)
The Harbour Le Cou Group (HLCG) occurs east of the GRSZ

(Figs. 2 and 5) and is separated from Ordovician greenschist
facies rocks of the Bay du Nord Group (Blackwood 1984;
Dunning et al. 1990; Tucker et al. 1994) by the BMFZ (Figs.
1, 2, and 6) (Lin et al. 1993; van Staal et al. 1996b). The HLCG
forms part of an extensive belt of Floian to Late Ordovician
metasedimentary rock (Fig. 1 inset), which includes the Baie
d’Espoir, Red Cross, and Bay du Nord groups (eastern half of
Exploits subzone of Williams et al. 1988, 1993) that were dis-
conformably deposited on the Gander Group and correlatives
(Colman Sadd et al. 1992; Valverde-Vaquero et al. 2006). These
rocks were referred to as the Gander cover sequence 2 (GCS
2) by van Staal et al. (2021) and have been interpreted to form
part of the Gander margin of the Exploits backarc basin (van
Staal 1994; Valverde-Vaquero et al. 2006).

The distinctive metasedimentary rocks of the HLCG have
been subdivided into two formations (Fig. 2). Sedimentary
structures such as grading suggest that the Otter Bay For-

mation (Figs. 3B and 3F) is older than the structurally overly-
ing Grandy’s Formation (Fig. 4A) (van Staal et al. 1996b). The
Otter Bay Formation consists of thick- to thin-bedded felds-
pathic metasandstone rhythmically alternating with thin
beds of rusty, pyritiferous semi-pelite metamorphosed to
sillimanite–garnet schist (Fig. 3F). The metasandstone layers
commonly contain garnet, clinopyroxene, clinozoisite, and
hornblende-bearing calc-silicate pods or lenses; similar rocks
occur in the Baie d’Espoir Group (Salmon River Dam Forma-
tion of Colman-Sadd (1980)). Minor bodies of massive sulfide
and associated pillowed tholeiitic metabasalt are also present
in the Otter Bay Formation (Figs. 2 and 5) (van Staal et al. 1992;
Lin et al. 1993; Schofield et al. 1998). The pillowed metabasalt
occur near the contact with the overlying Grandy’s Forma-
tion, which mainly consists of rusty garnet–sillimanite schist,
thin-bedded metasandstone, coticule (Fig. 4D), and rare meta-
conglomerate bands (van Staal et al. 1996b, 2021). Coticules
in the Grandy’s Formation occur near its basal contact with
the Otter Bay Formation and are typical for the lithologically
similar Dapingian units in the GCS2 (van Staal et al. 2021),
such as the Isle Galet Formation of the Baie d’Espoir Group
(Colman-Sadd 1980; Blackwood 1985), the ages of which were
constrained by fossils and/or by U–Pb zircon ages (Colman-
Sadd et al. 1992).

The HLCG was subjected to a similar structural and meta-
morphic history as the adjacent PABC and GBC (van Staal et
al. 1992; Lin et al. 1993; Burgess et al. 1995). However, the
extensive intrusive igneous rocks, such as the Margaree or-
thogneiss and the Port aux Basques granite, which occur west
of the GRSZ (Figs. 1 and 2) are absent, indicating the HLCG
and PABC were geographically separated during the Middle-
to-Late Ordovician. Instead, the HLCG contains bodies of the
Rose Blanche granite pluton (Fig. 3F), comprising a distinctive
white-to-pink two mica ± garnet granite. The Rose Blanche
granite cuts all units of the Meelpaeg structure (Fig. 1) ) and
provides a minimum age when all units were tectonically as-
sembled.

Bay du Nord Group
The Bay du Nord Group occurs east of the BMFZ (Fig. 6)

(Lin et al. 1993; van Staal et al. 1996b) and is lithologically
similar to the HLCG, mainly comprising greenschist facies
(biotite zone) metasandstone and metapelitic rocks with mi-
nor felsic metatuffaceous rocks (O’Brien 1987, 1988). The de-
formation history is similar to that observed in the adja-
cent HLCG (Lin et al. 1993). The Bay du Nord Group is in-
truded by the 416 ± 4 Ma feldspar megacrystic La Poile gran-
ite (Chorlton and Dallmeyer 1986), offshoots of which locally
have intruded the Rose Blanche granite on the west side of
the BMFZ, which separates the two granite bodies (Fig. 1).
The Bay du Nord Group continues to the east (Chorlton 1980;
Blackwood 1984) and grades further to the east along strike
(Colman-Sadd et al. 1990) into the Middle to Upper Ordovician
Baie d’Espoir Group (Fig. 1) (Colman-Sadd 1980; Blackwood
1983), supported by a ca. 466 Ma U–Pb zircon age for a fel-
sic tuff in the Bay du Nord Group (Dunning et al. 1990). The
Bay du Nord Group comprises at least three fault-bounded
belts (Tucker et al. 1994). Rocks of the North Bay belt, which
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Fig. 6. (A) geology of the Bay Le Moine fault zone (BMFZ) modified from van Staal et al. (1996b). The steeply northwest-dipping
fault zone had a prolonged history of movement that started during at least D2, since D2 mylonites were cut by later phases of
the same granite and overprinted during D3. High strain accumulated on both sides of the fault zone but became progressively
localized over time culminating in a dextral brittle fault that offsets the late Early Devonian Petites Granite. (B) Mylonite in
white Rose Blanche granite in BMFZ with dextral shearbands in boudinaged syntectonic, less strained cross-cutting aplite of
same granite attesting to syn-D2 movements. Thin white aplite veins are isoclinally folded (F2) within Sm.

are host to massive sulfide deposits and lie adjacent to the
southern part of the HLCG, are most pertinent to this study.
The North Bay Belt was interpreted to be Middle Ordovician
based on regional correlations (Colman-Sadd et al. 1990) and
the age of the dated felsic tuff but parts were inferred to be
intruded by offshoots of the Baggs Hill granite (Fig. 1, BHG),
which yielded a U–Pb zircon TIMS date of ca. 478 Ma (Tucker
et al. 1994). The inferred intrusive relationship was based
on an undated granite dike correlated with the dated Baggs
Hill pluton. However, we observed a conglomerate contain-
ing clasts of the Baggs Hill granite along the sheared contact
between the North Bay belt and the Baggs Hill granite on the
north side of Rocky Ridge near the dated locality of Tucker
et al. (1994), suggesting that at least this part of the North
Bay belt lies unconformably above the granite. Hence, either

the North Bay belt is Middle Ordovician and not Lower Or-
dovician, or the North Bay belt is a composite unit locally
including rocks that are older than 478 Ma.

U–Pb geochronology

Analytical technique
Sample preparation and U–Pb ID-TIMS analytical meth-

ods and instrumentation are similar as those described in
Valverde-Vaquero et al. (2006). The Port aux Basques gran-
ite (Vl-02-17) was dated at the Geological Survey of Canada
in Ottawa, whereas the monazites and titanites of six meta-
morphic tectonites and zircon of the Rose Blanche granite
were dated at Memorial University of Newfoundland. Con-
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cordia ages and U–Pb Concordia diagrams were drawn and
calculated with Isoplot (Ludwig 1999).

Port aux Basques granite in Grandys River shear
zone

A Port aux Basques granite tectonite from the GRSZ (VL-
02-17; Z7825) was sampled (Fig. 2) to: (1) test whether the
distinctive Port aux Basques granite, which was previously
dated further to the west outside the IMDZ near the type lo-
cality (454 ± 2 Ma, Valverde-Vaquero et al. 2006), had a con-
sistent age separate from the other gneissic granitoid bod-
ies in the PABC and (2) to constrain the age of structural
juxtaposition of the PABC and HLCG. Three multigrain zir-
con and four monazite single crystal fractions were analysed
from this sample. The zircon fractions, ranging from 32 to
61 crystals (number of individual crystals of each fraction
given in brackets), were pre-treated with the mechanical, air-
abrasion method of Krogh (1982) to remove areas affected
by secondary Pb loss. The three fractions are 1.2%–1.5% dis-
cordant, overlap the Concordia between 444 and 447 Ma,
and yield a Concordia age of 446 ± 1.5 Ma with an mean
square weighted deviation (MSWD) of 3.5 and a low proba-
bility of concordance (Fig. 7). This suggests that these frac-
tions are affected by some degree of secondary Pb loss. Hence
the Concordia age probably represents a minimum age. The
207Pb/206 Pb ages of these three fractions are almost identical
and yield a weighted average age of 451.4 ± 3.5 Ma (MSWD
0.16). The upper intercept age of a discordia line anchored at
0 ± 50 Ma calculated with the Monte Carlo solution yields an
age of 451.3 +5.6/−5.7 Ma. Since the upper intercept age over-
laps the Concordia and weighted 207Pb/206 Pb average age, an
age of 451 ± 6 Ma is considered as the best estimate of zircon
crystallization age of the Port aux Basques granite. This age
overlaps within error with the age of 454 ± 2 Ma reported
by Valverde-Vaquero et al. (2006) for this granite near its type
locality.

The four single crystal monazite fractions (M1 to M4; Table
1), which were not abraded, plot around 404–410 Ma on the
Concordia curve (Fig. 7A). Monazite M4 has a large error due
to the abundance of common Pb and will not be discussed.
Monazite M2 is concordant at 404 Ma, while monazites M1
and M3 have a slight reverse discordancy (−1.1%) and touch-
ing Concordia at ca. 407 Ma. All these three analyses are very
clean, less than 3 pg common Pb, and they all have matching
207Pb/206 Pb ages with an average weight age of 403.8 ± 1.4
Ma (MSWD 0.26). This suggests that the reverse discordancy
could be due to U loss. Therefore, expanding the errors to
cover the maximum possible age, an age of 404 +3.5/−1.5 Ma is
the best estimate for the age of monazite formation.

The monazite crystallization age overlaps with part of the
Ar–Ar hornblende and biotite ages (407 to 401 Ma) measured
in the PABC and HLCG (Figs. 2 and 8); however, it is ca. 10
my younger than monazite and most of the titanite ages
compiled in Fig. 2 (Dunning et al. 1990; Burgess et al. 1995;
Dubé et al. 1996; Valverde-Vaquero et al. 2000; this study). The
age of 404 Ma is therefore best interpreted as a new phase
of monazite growth, during localized D3 deformation local-
ized in the IMDZ, while regional cooling of the surround-

ing GBC, PABC, and HCLG had reached the blocking tem-
perature of hornblende (ca. 500 ◦C) and locally also biotite
(Fig. 2).

Rose Blanche granite
The Rose Blanche granite (sample 92GD12) yielded eu-

hedral zircon needles, which were analyzed as two zircon
multigrain fractions. Fraction Z1 is concordant and yields a
207Pb/206Pb age of 419 ± 5 Ma and Concordia age of 417 ± 2
Ma (MSWD 0.3) (Fig. 7). A Discordia line anchored on fraction
Z1 yields a 417.6 +3.2/−2.5 Ma upper intercept age. The Concor-
dia age of 417 ± 2 Ma is judged as the best estimate for zircon
crystallization, which is considered a preliminary age due to
analysis of only two multigrain fractions.

Monazite in metamorphic tectonites of the
PABC and HLCG

U–Pb dating of monazite (Fig. 7B) was done in parag-
neisses and schists of the PABC and the nearby HLCG to
better constrain the timing of the structural and metamor-
phic processes during the final stages of D2 and the onset
of D3 deformations. Sample 93GD12 is a Ky–St–Grt-bearing
schist of the PABC sampled near the boundary (GBFZ) be-
tween the GBC and PABC (Fig. 2). Two concordant multigrain
monazite fractions (M1 and M2) yield a Concordia age of
416.5 ± 1.4 Ma (MSWD, 0.01). Sample 93GD14 is a migmatitic
leucosome from sillimanite-bearing schists collected near the
ferry docks at Port-aux-Basques (Fig. 2). Three multigrain and
two single-grain monazite fractions form a cluster of con-
cordant/subconcordant analysis, some reversely discordant,
which yield a Concordia age of 413 ± 2 Ma (MSWD 18). The
reverse discordance may be due to excess 206Pb. Therefore,
the weighted average of the 207Pb/235 U ages (412.6 ± 0.9 Ma;
MSWD 0.48) could be considered more reliable. However, we
consider that a larger error age of 413 ± 2 Ma is a more realis-
tic estimate of monazite crystallization age. Sample 93GD15
is migmatitic sillimanite and K-feldspar-bearing schist near
the village of Margaree (Fig. 2). Three multigrain and two sin-
gle grain fractions yield a reversely discordant cluster sug-
gesting excess 206Pb. This cluster yields a weighted average
207Pb/235 U age of 416.1 ± 1 Ma (MSWD 1.2) providing an
estimate for monazite crystallization. Sample 93GD12 is a
migmatitic garnet, sillimanite, and K-feldspar bearing parag-
neiss (Fig. 3B) of the Otter Bay Formation northeast of Isle aux
Morts near the Otter Bay fault (Fig. 2). Two concordant multi-
grain monazite fractions yield a Concordia age of 414.6 ± 1.5
Ma (MSWD 0.83).

Kelby Cove orthogneiss titanite
Two samples of banded Kelby Cove orthogneiss immedi-

ately adjacent to or in the GBFZ (Fig. 2) were analyzed for
titanite. Sample 92GD08 is a gneiss from the GBC, and the
two multigrain titanite fractions yield a “Concordia age” of
405 ± 3 Ma (MSWD 5.7). Sample 93GD13 is a banded Kelby
Cove gneiss from the PABC in the GBFZ; a subconcordant
analysis of a titanite fraction provides a Concordia age of
410 ± 1.5 Ma (MSWD 2.6). These ages are within error of the
206Pb/238 U ages for these fractions, which are least affected
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Fig. 7. Concordia diagrams of zircon, monazite, and titanite in rocks of the GBC, PABC, and HLCG and the Port aux Basque and
Rose Blanche granites. See text for more details. PABC, Port aux Basques Complex; HLCG, Harbour Le Cou Group; GBC, Grand
Bay Complex.
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Table 1. ID–TIMS zircon U–Pb geochronological data.

Concentrations Isotopic ratios (||) Ages (Ma)#

No. Size Wt. U Pb† Pb§ 206Pb‡ 208Pb 207Pb ±2SE 206Pb ±2SE Corr.¶ 207Pb ±2SE 206Pb 207Pb 207Pb

Fraction∗ Grains (μm) Description ug ppm ppm pg 204 Pb 206Pb 235U Abs 238U Abs Coeff. 206Pb Abs 238U ±2SE 235U ±2SE 206Pb ±2SE

Sample: VL-02-17 Port-aux-Basques Granite (Z7825)——GSC laboratory

A1 (Z) 37f 80 Co, Clr, Eu, Fz,
Nc, St, fln, Pr,

DIA

11 220 16 6.6 1654 0.14 0.5508 0.0021 0.07141 0.00014 0.70 0.05594 0.00016 444.6 1.7 445.5 2.7 450.0 6.2

A2 (Z) 32 90 Co, Clr, Eu, Fz,
Nc, St, nln, Pr,

DIA

17 183 14 11.2 1227 0.15 0.5535 0.0021 0.07171 0.00013 0.73 0.05598 0.00016 446.5 1.6 447.3 2.7 451.6 6.0

A3 (Z) 61 50–100 Co, Clr, Eu, Fz,
Nc, St, nln, Pr,

Fr, DIA

13 196 14 7.4 1494 0.14 0.5529 0.0021 0.07160 0.00014 0.68 0.05600 0.00016 445.8 1.7 446.9 2.8 452.5 6.3

M1 (M) 1 200 Yellow, Clr, Eu,
fIn, Mag

1 8078 4955 3.2 10414 9.78 0.4936 0.0012 0.06534 0.00013 0.90 0.05479 0.00006 408.0 1.5 407.3 1.6 403.6 2.4

M2 (M) 1 250 Pale yellow, Clr,
An, nIn, Fr, Mag

1 9118 4462 2.4 15688 7.67 0.4894 0.0011 0.06475 0.00012 0.91 0.05481 0.00006 404.5 1.4 404.5 1.6 404.6 2.2

M3 (M) 1 175 Yellow, Clr, Eu,
fIn, Mag

1 8333 5183 320.1 f124.2 9.88 0.4962 0.0164 0.06566 0.00061 0.70 0.05481 0.0015 410.0 7.4 409.1 22.2 404.4 60.1

M4 (M) 1 190 Yellow, Clr, Sub,
fIn, Fr, Mag

1 8591 6158 5.3 6574 11.61 0.4931 0.0012 0.06529 0.00012 0.89 0.05478 0.00006 407.7 1.5 407.0 1.6 403.3 2.6

Sample: 93GD12 Ky-St-Grt gneiss, Port-aux-Basques Complex——MUN laboratory

M1 (M) Multi 100–180 clr. euh. Abr 179 1912 331 51 28245 1.94 0.507 0.0024 0.06669 0.00032 0.93 0.05511 0.00010 416.2 1.9 416.3 1.6 416.7 4.1

M2 (M) Multi 100–180 euh. Abr 64 5319 946 70 20491 2.02 0.508 0.0030 0.06683 0.00038 0.98 0.05510 0.00006 417.0 2.3 416.9 2.0 416.3 2.4

Sample 93GD14 Leucosome–Ferry Dock, Port-aux-Basques Complex——MUN laboratory

M1 (M) Multi 100–180 clr euh abr 113 3829 846 764 f 2.79 0.502 0.0024 0.06642 0.00030 f 0.05481 0.00006 414.6 1.8 413.0 1.6 404.5 2.5

M2 (M) Multi 100 clr euh abr 55 3609 753 50 16583 2.59 0.5 0.0026 0.06625 0.00032 0.99 0.05478 0.00004 413.5 1.9 411.9 1.8 403.3 1.6

M3 (M) 2 >180 lrg. Clr. Abr 10 376 83 14 1111 2.79 0.501 0.0028 0.06595 0.00034 0.34 0.05505 0.00034 411.7 2.1 412.1 1.9 414.3 13.8

M4 (M) 1 >180 lrg. Clr. Abr 5 1925 410 12 3369 2.64 0.501 0.0032 0.06656 0.00050 0.81 0.05463 0.00024 415.4 3.0 412.6 2.2 397.1 9.8

M5(M) 1 >180 lrg. Clr. Abr 5 302 66 14 466 2.80 0.503 0.0044 0.06637 0.00058 0.50 0.05500 0.00048 414.2 3.5 413.9 3.0 412.2 19.5

Sample 93GD15 Sil-migmatite- Margaree Quarry, Port-aux-Basques Complex——MUN laboratory f

M1 (M) Multi 100–180 clr yel abr 87 4049 1089 88 16828 3.57 0.506 0.0026 0.06711 0.00034 0.98 0.05469 0.00006 418.7 2.1 415.8 1.8 399.6 2.5

M2 (M) Multi 100–180 clr yel abr 91 4236 1093 106 15399 3.39 0.506 0.0022 0.06702 0.00028 0.99 0.05475 0.00004 418.2 1.7 415.7 1.5 402.0 1.6

M3 (M) 1 >180 clr yel abr 5 7030 1783 8 17683 3.32 0.505 0.0024 0.06699 0.00034 0.90 0.05468 0.00012 418.0 2.1 415.1 1.6 399.2 4.9

M4 (M) 1 >180 clr yel abr 5 4144 1132 6 13480 3.66 0.506 0.0022 0.06696 0.00034 0.86 0.05484 0.00014 417.8 2.1 416.0 1.5 405.7 5.7

M5(M) 2 >180 clr yel abr 10 5292 1316 12 18236 3.21 0.508 0.0016 0.06739 0.00022 0.94 0.05466 0.00006 420.4 1.3 417.0 1.1 398.3 2.5

Sample 93GD16 Migmatitic Psammite——Otter Bay Formation, Harbour Le Cou Group——MUN laboratory

M1 (M) Multi 100–180 clr euh yel abr 109 5434 760 107 23137 1.38 0.504 0.0030 0.06650 0.00040 0.99 0.05499 0.00004 415.0 2.4 414.6 2.0 411.8 1.6

M2 (M) Multi 100–180 clr pale yel abr 63 5603 822 91 16217 1.50 0.504 0.0028 0.06648 0.00036 0.99 0.05502 0.00004 414.9 2.2 414.6 1.9 413.0 1.6
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Table 1. (concluded).

Concentrations Isotopic ratios (||) Ages (Ma)#

No. Size Wt. U Pb† Pb§ 206Pb‡ 208Pb 207Pb ±2SE 206Pb ±2SE Corr.¶ 207Pb ±2SE 206Pb 207Pb 207Pb

Fraction∗ Grains (μm) Description ug ppm ppm pg 204 Pb 206Pb 235U Abs 238U Abs Coeff. 206Pb Abs 238U ±2SE 235U ±2SE 206Pb ±2SE

Fract.1

Z1(Z) Multi 120 euh needles abr 16 766 54 7.1 6154 0.18 0.5080 0.0028 0.06679 0.00038 0.93 0.05516 0.00012 416.8 2.3 417.1 1.9 418.7 4.9

Z2(Z) Multi 120 euh needles abr 58 1636 108 40 8523 0.12 0.4999 0.0024 0.06535 0.00030 0.95 0.05548 0.00008 408.1 1.8 411.6 1.6 431.6 3.2

92GD08 Kelby Cove gneiss, titanite, Grand
Bay Complex——MUN laboratory

f

T1 (Ttn) Multi 100–180 brown angular
abr

307 95 6 1130 329 0.06 0.4906 0.0058 0.06483 0.00024 0.56 0.05488 0.00056 404.9 1.5 405.3 3.9 407.3 22.8

T2 (Ttn) Multi 100–180 brown raspberry
abr

156 183 f 1004 339 0.06 0.4964 0.0049 0.06485 0.00022 0.60 0.05551 0.00046 405.1 1.3 409.3 3.3 432.8 18.5

93GD13 Kelby Cove gneiss, Port-aux-Basques Complex——MUN laboratory f

T1 (Ttn) Multi 120–180 brown abr 176 269 17 584 514 0.04 0.4962 0.0024 f 0.00020 0.82 0.05480 0.00016 410.1 1.2 409.1 1.6 404.1 6.5

∗Z, zircon fraction (all zircon fractions were mechanically abraded for 2.96 h); M, monazite fraction (unabraded).
Grain descriptions: Co, colourless; Clr, clear; fIn, few inclusions; nIn, numerous inclusions; Fr, fractures; Eu, Euhedral; Sub, subhedral; An, anhedral; Pr, prismatic; Frag, fragment; St, stubby prism; El, Elongate; Fz, faint zoning; Nc, no
cores; DIA, diamagnetic fraction; Mag, Mag @0.5 A 10◦ SS h, respectively.
†Radiogenic Pb
‡Measured ratio, corrected for spike and fractionation.
§Total common Pb in analysis corrected for fractionation and spike.
||Corrected for blank Pb and U and common Pb, errors quoted are 1 sigma absolute; procedural blank values for this study were from 0.1 pg U and 5 pg Pb (for zircon analyses) and 0.1 pg U and 3 pg Pb (for monazite analyses). Pb blank
isotopic composition is based on the analysis of procedural blanks; corrections for common Pb were made using Stacey–Kramers compositions.
¶Correlation coefficient.
#Corrected for blank and common Pb, errors quoted are 2 sigma in Ma. The error on the calibration of the GSC 205Pb–233U–235U spike utilized in this study is 0.22%
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Fig. 8. Compilation of all existing ages and their errors used in this paper with respect to the tectonostratigraphy of south-
western Newfoundland looking south. Time scale is from Cohen et al. (2022). In addition to the new age data presented in Fig.
7 and Table 1, it also includes ages from Chorlton and Dallmeyer (1986), Dunning et al. (1990), Burgess et al. (1995), Dubé et
al. (1996), and Valverde-Vaquero et al. (2000). Abbreviations are explained in Figs. 1 and 2.

by the common Pb correction. So, although the MSWD of the
Concordia age is relatively large, the ages are considered re-
alistic within the uncertainties given (Fig. 7).

Deformation and metamorphic history
The study area records polyphase deformation involving

three generations of ductile structures comprising folds, fo-
liations, and shear zones. Ductile shear zones locally grade
into brittle or brittle–ductile structures, commonly associ-
ated with kinkbands and localized open to tight chevron
folds. The penetrative structures (D1–D3) are described from
old to young.

Early deformation (D1 and D2)
A composite transposition foliation (Sm) and a min-

eral/stretching lineation referred to as Lm/Ls (Figs. 3A, 3B, and
4F) represents the main L-S fabric in the gneisses and schists.

Sm is consistently folded by F3 and is a composite of S1 and S2

on the limbs of F2 isoclines (Figs. 4B and 4C). Lm is defined
by minerals such as hornblende, sillimanite, kyanite, and
mica, as well quartz and feldspar aggregates, which are paral-
lel to a stretching lineation (Ls) defined by boudinage, strain
shadows, quartz ribbons, and rodding (Figs. 3B and 4F). Lm/Ls

comprises at least two generations of lineations (Fig. 4H). An
old lineation interpreted to be related to D1-2 is folded by F3

and commonly parallel to F2 hinge lines (Fig. 4F), whereas a
younger lineation is commonly parallel to F3 hinge lines (Fig.
9). These lineations are difficult to separate where F3 folds
are absent or not well exposed. F2 folds are tight to isocli-
nal, commonly intrafolial structures that refold rare isocli-
nal F1 folds of compositional layering (Fig. 4A), generally into
fishhook fold interference patterns (Fig. 4A). Despite the rar-
ity of F1, an S1 schistosity or differentiated metamorphic lay-
ering is generally well developed in rocks of the PABC and
GBC (Figs. 3G, 4B, and 4E). F2 locally includes sheath folds
(Fig. 4C).
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Fig. 9. Lower hemisphere equal area projections of the structural elements in the GBC, PABC, and HLCG. First column present
Sm, second column F3 and S3, and third column the colinear F2 and Ls/Lm. Note that the F2 are generally parallel to the set of
Ls/Lm that is transverse to F3 (see text). Girdles represent the regional folding of Sm by F3 and the orientation of its axial surface
(S3). Contouring at 2% intervals. PABC, Port aux Basques Complex; HLCG, Harbour Le Cou Group; GBC, Grand Bay Complex.

Peak metamorphic kyanite and garnet porphyroblasts
grew over S1 and are locally wrapped around by S2 and S3 with
inclusion trails curving into S2, indicating that peak meta-
morphism culminated immediately prior to and/or early dur-
ing D2 (Burgess et al. 1995). Kyanite lying in S1 is locally folded
by F2 and F3; kyanite folded by F3 is partially or nearly com-
pletely altered to white mica. Garnet locally shows complex
inclusion trails with textural unconformities and zonation.
The oldest generation of garnet preserved as cores in zoned or
as individual porphyroblasts with inclusion trails of quartz,
opaque, and mica may have started to grow during D1, as S2 at
a high angle to the inclusion trails wraps around these garnet
porphyroblasts. Inclusion-free rims of zoned garnet around
inclusion-rich cores locally grew across S2 in pelitic schists
indicating they also grew during and/or after D2, but proba-
bly before D3 because garnet in the hinges of open to tight F3

microfolds are commonly strongly altered with chlorite-rich
coronas and are wrapped around by S3. Hence, D1 and D2 are
inferred to have formed part of a continuum or a progressive
deformation (Burgess et al. 1995).

Aplites and pegmatitic veins cut Sm and together with irreg-
ular granitoid leucosomes generated during in situ melting
(Burgess et al. 1995) are folded by F2 and F3 (Figs. 4E and 5).
One F2- and/or F3- folded white biotite granitic dike that cuts
Sm in the Margaree orthogneiss yielded a U–Pb zircon age of
417 +7/−4 Ma (Valverde-Vaquero et al. 2000), suggesting it is
an offshoot of the Rose Blanche pluton (417 ± 2 Ma, Figs. 7,
and 8). The relative age of the folds in this outcrop is ambigu-
ous but provides a maximum age for the start of F3. The Rose
Blanche granite and its many offshoots in the HLCG locally
cut S2 but are also locally folded by F2 (Fig. 3F), locally are
parallel to the axial surfaces of F2, and/or acquired a S2 folia-

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
19

2.
17

1.
14

8.
14

8 
on

 1
0/

17
/2

4

http://dx.doi.org/10.1139/cjes-2023-0141


Canadian Science Publishing

Can. J. Earth Sci. 00: 1–31 (2024) | dx.doi.org/10.1139/cjes-2023-0141 17

tion and lineation where the granite occurs as narrow sheets
and/or was mylonitized (Fig. 6B). The granitoid veins are con-
sistently folded by F3 (van Staal et al. 1992; Lin et al. 1993;
Benn et al. 1993), suggesting that the intrusion of the Rose
Blanche granite in the HLCG overlapped with the final stages
of D2, but outlasted D2 in other places. This is consistent with
the microstructures. Fabrics in D1-2 shear zones marked by
relict S-C and shearband foliations (Figs. 3E and 7B) and en-
hanced strain generally show a high degree of grain bound-
ary area reduction that followed dynamic recrystallization.
Evidence of the latter is locally preserved in orientation fam-
ilies of quartz and feldspar grains that outline once elongated
grains. F1-2 folded or kinked micas (biotite and muscovite)
and hornblende in differentiated foliation planes also show
a high degree of recrystallization (Williams et al. 1977), al-
though the microscopic fold hinges are commonly still rec-
ognizable. Combined all evidence suggest that high tempera-
ture was maintained after D2 deformation largely had ceased
in the rocks.

Late deformation (D3)
F3 folds are upright to steeply inclined, shallow to moder-

ately plunging, generally non-cylindrical structures (Figs. 4B,
4D, 4E, 4G, and 4H), and occur throughout the GBC, PABC,
HLCG, and Bay du Nord Group from microscopic to macro-
scopic scale, consistent with the girdles defined by the re-
gional distribution of Sm (Fig. 9). F3 folds are open to isocli-
nal buckle folds with near similar shapes (class 1 C-3) where
the folds are tight (Figs. 4D and 4G) or less commonly near-
isoclinal, indicating modification by superimposed strains
into flattened folds. They are largely responsible for the
northeast-southwest trending structural grain of the rocks in
this area (Figs. 2 and 9). S3 is a crenulation cleavage where
F3 defines tight folds of the main foliation (Fig. 4G), which in
the GBC, PABC, and HBCG is a composite S1-2 foliation. F3 is
in places difficult to separate from F2 where overprinting re-
lationships are lacking, especially in zones of high D3 strain
such as the CRFZ and IMDZ. S3 is generally well developed in
schistose rocks, but locally absent or poorly developed where
F3 folds are open structures (Fig. 4B) and/or chevron folds. The
average S3 west of the IMDZ has a steep dip (ca. 70◦–80◦) to-
wards the southeast (ca. 140◦) (Figs. 5 and 9). S3 has the same
northeast–southwest strike east of the IMDZ in the HLCG, but
the majority of the mesoscopic F3 folds plunge moderately
to shallowly towards the northeast (Figs. 6 and 9) generally
overlapping the fields where a portion of the Lm/Ls and F2

hinge lines plot. Kinked biotite and muscovite folded in F3

show evidence of kinkband boundary migration (Williams et
al. 1977) and some recrystallization and new growth of micas
in S3. However, contrary to the micas deformed by intrafolial
F2 folds, biotite folded and kinked in the hinges of F3 together
with garnet and hornblende is commonly partially altered to
chlorite indicating that retrogression initiated during D3. Fur-
thermore, biotite, hornblende, and cummingtonite show un-
dulose extinction and subgrains where folded by F3, whereas
feldspar and quartz locally still have irregular serrated grain
boundaries indicating that recovery, grain-boundary area re-
duction, and recrystallization were not as prevalent during

D3 as during D1-2, which is also consistent with preservation
of evidence for dynamic recrystallization defined by mantled
porphyroclasts of microcline and plagioclase preserved in D3-
related shear zones. Hence D3 probably postdated peak am-
phibolite facies metamorphism.

S3 displays minor regional variations in strike (Fig. 9),
which may be due to younger localized warping associated
with the major shear zones. F3 folds dominantly plunge shal-
lowly to moderately to the southwest in the GBC and PABC
but show a plunge reversal to northeast plunges in the east-
ern and northeastern part of the areas (Fig. 9), which pro-
duced large domal structures such as the Dolphin Road dome
(Fig. 2). F3 folds are generally overturned to the northwest
consistent with steeply southeast-dipping S3 in these areas.
In contrast, the majority of mesoscopic F3 folds plunge shal-
lowly to the northeast in the HLCG colinear with the map
scale, Grandy Sound F3 antiform, which is slightly overturned
to the southeast, consistent with the generally steep dip of
S3 to the northwest (Fig. 9) in this part of the HLCG. The
sense of F3 overturning is most prominent in the eastern
part of the area underlain by the HLCG (Fig. 6). In the west-
ern part of the area near or within the IMDZ, S3 fans from
steeply southeast to steeply northwest dipping in the HLCG
(Fig. 5).

F3 folds rotated the older structures (Sm) into steeply dip-
ping orientations, especially where they are penetrative tight
structures such as near the IMDZ (Fig. 5). An exception is the
core of the Grandys Sound antiform where the enveloping
surface to Sm has a shallow dip (Figs. 3F and 4C). F3 folds also
fold the GRSZ (Fig. 5) and GBFZ (Figs. 2 and 10) that separate
the HLCG and PABC and PABC and GBC, respectively, indi-
cating the tectonites of these fault zones were subjected to
a polyphase history. Preserved down-dip shear-sense indica-
tors (Fig. 3A) in the tectonites probably formed during pre-
D3 shearing. D3 consistently overprints the 417 ± 2 Ma Rose
Blanche and 416 ± 4 Ma La Poile granites and related apophy-
ses (Fig. 3E) consistent with microstructural evidence that it
postdates peak amphibolite facies metamorphism.

Lineations and fold hinge lines
Two generations of linear structures are present in part of

the rocks (Fig. 4h). The old generation of mineral/stretching
lineations (Lm/Ls) is folded by F3 (Fig. 4F) and locally also
by F2. These lineations generally have steep-to-moderate
pitches, are defined by peak-metamorphic minerals (horn-
blende, kyanite, sillimanite, and cummingtonite), and have
a trend at moderate-to-high angles to S3. This transverse lin-
eation is interpreted to have formed during D1-2 and as a rule
is colinear or nearly so with F1-2 hinge lines (Fig. 8), suggest-
ing the latter were progressively rotated into parallelism with
Lm/Ls due to high non-coaxial D1-2 strains, consistent with the
presence of F2 sheath folds (Fig 4C). Sheath folds locally de-
form the Lm/Ls, but this is not apparent for most F1-2 folds.
Some of these structures are reclined folds, or nearly so with
straight hinge lines, which are referred to as curtain folds
by Passchier and Trouw (2005). The second set of lineations
generally has moderate-to-shallow pitches and is generally
parallel to F3 hinge lines (Fig. 4H), especially near D3-related
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Fig. 10. Tectonic models for Salinic (A) and Acadian (B) orogenies modified from van Staal and Barr (2012) and van Staal et al.
(2014a). The sketches presented in A–E represent cross-sectional cartoons depicting the progression in tectonic settings from
D1 to D3 of the collision between the Gander margin and composite Laurentia. (A) D1 (Salinic) underthrusting of the Gander
margin (A-subduction) with shear localized in the GRSZ and folding and foliation development in the adjacent rocks; (B) D1
progressed into D2 structural thickening in the Salinic collision zone, which leads to folding of the GRSZ. Granite intrusion
and peak temperature Barrovian metamorphism characterize the terminal stage of D2; (C) Post 417 Ma tectonic escape of
a wedge of high-grade rocks towards the southeast such that the HLCG is thrust over the BDNG. The tectonites preserved
between the CRFZ and GBFZ accommodated pre-D3 normal sense of motion with respect to their hangingwall, which is now
inferred to be buried beneath the leading western edge of the Meelpaeg structure; (D) Early stage of D3 (Acadian) bi-vergent
Meelpage structure development with reverse shear strain localized in shear zones such as the CRFZ and BMFZ. Northwestward-
dipping D2 tectonites involved in the preceding tectonic escape between the CRFZ and GBFZ progressively rotate and acquire a
southeasterly dip; (E) F3 folding and progressive D3 steepening of the shear zones formed during Meelpaeg structure formation.
The steepened shear zones acquire a favourable orientation to accommodate dextral strike–slip motions. The timing of the
various stages is approximate and/or interpretative, and in part based on existing constraints concerning the start and end
of the Salinic collision in southern Newfoundland (see text). Most abbreviations are given in text and previous figures. BB,
Badger–Botwood basin; BA, backarc to coastal arc (CA); BEF, Bay d’Est Fault; FA, forearc to coastal arc; ORS, Old Red Sandstone
and related terrestrial rocks in red, which become progressively younger southeastwards; RRB, Rocky Ridge basin; VA, Victoria
arc; WPG, Windsor Point Group.
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shear zones where it becomes the dominant lineation (e.g.,
Benn et al. 1993; Lin et al. 1993). In part this lineation may
be defined by high-grade metamorphic minerals (Burgess et
al. 1995), which in many places impeded direct assessments
of their relative structural age in the field. However, silliman-
ite is commonly folded and crenulated by F3 when examined
in thin section and hence microstructural relationships are
important separating D1-2 from D3 and younger linear struc-
tures. The older lineation is progressively obscured, modified,
and/or destroyed where the post-D2 strain increases near D3-
related shear zones (Benn et al. 1993, see below), consistent
with scarcity of transverse lineations in the major fault zones
(Figs. 5 and 6). The lineation set with moderate-to-shallow
pitches, trending (sub)parallel to S3 and F3 hinge lines, thus
likely formed during D3 and/or during subsequent strike–
slip-related shearing. It locally may have involved rotation of
the older lineation set (with steeper pitches), particularly in
straight gneiss and mylonites that accommodated a compo-
nent of strike–slip shear. Hence, the relative age of the lin-
eation in a rock is difficult to establish in the field where
overprinting relationships are absent between folds and lin-
eations and thin sections are unavailable.

Lm/Ls displays a large spread between northeast and south-
west in a girdle that lies in Sm in the GBC and PABC, with few
if any plunging to the west or northwest (Fig. 9). The oppo-
site is shown in the HLCG where the lineations also have a
similar spread between northeast and southwest, but none is
plunging to the southeast. Instead, the lineations with steep
pitches plunge to the west or northwest. This difference re-
flects the reorientation of Sm during regional folding by F3

folds, which are generally overturned to the northwest in
the GBC and PABC, whereas they are generally overturned
to the southeast in the HLCG. This relationship is consistent
with the other lines of structural evidence that suggest the
lineation set with steep pitches formed before D3.

Shear zones and age of deformation
The area is dissected by several major wide shear zones

that also define the structural boundaries between the four
tectonostratigraphic units discussed herein. These shear
zones are characterized by zones of enhanced strain rep-
resented by banded mylonites in quartzofeldspathic gneiss
(straight gneiss sensu; Hanmer 1988) and phyllonites in
phyllosilicate-rich rocks, and the presence of shear sense in-
dicators (Figs. 3A, 3E, 3G, and 6). These shear zones com-
monly preserve evidence of a long history of movements and
progressive strain localization culminating in brittle–ductile
faults and cataclasites (Figs. 3C and 5C). Local folding of the
mylonites and/or strands of the shear zones by F2 and/or F3

folds (Figs. 2, 5, and 10) attest to their longevity.

Cape Ray Fault zone and associated fault zones
in the Grand Bay Complex

The CRFZ is a steeply southeast-dipping structure
(Fig. 2B) that separates the Upper Ordovician to Silurian
(sub)greenschist grade rocks of the largely terrestrial Wind-
sor Point Group, which lies unconformably on Ordovician

arc rocks of the peri-Laurentian Dashwoods terrane in the
footwall (Dubé et al. 1996; van Staal et al. 2007), from the
highly strained amphibolite facies gneissic tectonites of the
GBC in the hangingwall. It also represents the basal shear
zone of the western edge of the Meelpaeg structure (Fig. 1).
The Windsor Point Group is mylonitized over a width of
ca. 500 m. (Dubé and Lauzière 1996) and banded mylonites
and phyllonites in the GBC have a width of 1–2 km east of
the structural contact with the Windsor Point Group, but
kinematically related shear zones characterized by enhanced
strain, such as the Big Barachois fault (Fig. 2), and shear–sense
indicators occur throughout the GBC further to the east (Figs.
2B, and 3D) (van Staal et al. 1992). Mineral lineations and
F2 hinge lines are parallel to a stretching lineation defined
by boudinage, strain shadows, ribbons, and rodding in the
mylonites and other tectonites, which plunges dominantly
between southwest and southeast (Fig. 9). The movement
history of the CRFZ is complex and comprises several kine-
matically distinct phases (Dubé and Lauzière 1996), which
may reflect different tectonic events (see below).

The dominant phase of shearing accommodated dextral re-
verse motion, which inverted the older metamorphic zona-
tion in the GBC near the CRFZ (Fig. 2B) and culminated in
progressive retrogression of the amphibolite facies tectonites
of the GBC to greenschist-facies phyllonites and mylonites
(Dubé and Lauzière 1996). This phase of shear occurred after
peak amphibolite facies metamorphism, which occurred be-
fore and/or during intrusion of the late syn-D2 Rose Blanche
granite (417 ± 2 Ma, Fig. 7). Early Devonian U–Pb titanite ages
ranging between 412 (Dunning et al. 1990) and 405 Ma (Figs.
2, 7, and 8) and 40Ar/39Ar hornblende ages of 407 to 402 Ma
(Dubé et al. 1996) in the retrogressed GBC mylonites (Fig. 2)
associated with the CRFZ and related faults such as the Big
Barachois fault and GBFZ suggest the west-directed phase of
dextral oblique reverse shearing probably started no earlier
than 412 Ma and mainly took place in the early Emsian. In
addition, the ductile reverse shear zones locally transgressed
into brittle–ductile or brittle reverse faults (Fig. 3C) emphasiz-
ing that this progressive deformation was probably accom-
panied by significant denudation during uplift of the GBC
with respect to the Upper Ordovician to Silurian conglom-
erates and clastic rocks of the Windsor Point Group. Green-
schist facies muscovite in tectonites of the Rose Blanche gran-
ite associated with horizontal dextral sheared rocks where
the granite is truncated by the CRFZ in the northwest (Fig.
1) yielded late Emsian K–Ar ages of 403–399 Ma (Dubé et al.
1996), whereas subsequent, more localized dextral strike–slip
was cut by the ca. 384 Ma Strawberry granite (Fig. 2), indi-
cating that dextral kinematics remained active in the CRFZ
until the Middle Devonian. F3 locally not only folds the CRFZ
mylonites and associated stretching and mineral lineations
(Sm/Lm), but also becomes tighter towards the CRFZ. F3 axial
planes locally curve into parallelism with the mylonites (Fig.
3G) and S3 is overprinted by dextral shear bands. Hence F3, at
least in part, overlapped with the west-directed oblique shear-
ing associated with the CRFZ and related fault zones. Dextral
shearing and F3 folding are therefore grouped together in D3.
The degree of overprint and reorientation of the main Sm/Lm

fabric during the complex dextral oblique reverse shearing
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and F3 is difficult to gauge but may be substantial and hence
cannot be used here to constrain the kinematics associated
with earlier movements related to D1-2. D3 postdates the Rose
Blanche and La Poile granites (Figs. 2 and 7) and thus occurred
in the Devonian and represents structures related to the Aca-
dian orogeny. Dextral transcurrent movements in turn were
locally followed by minor sinistral strike–slip motion after
ca. 384 Ma (Dubé and Lauzière 1996). Various generations of
kinkbands and localized chevron folds formed during both
phases of strike–slip motion. Overprinting relationships be-
tween these structures are commonly ambiguous and irrel-
evant for this study and hence not discussed in any detail
herein. They are all grouped under D3.

Grand Bay Fault zone (GBFZ)
The southeast-dipping GBFZ can be traced as a lineament

along the boundary between the GBC and the PABC for sev-
eral kilometres, although the fault zone is only locally ex-
posed. It separates the inferred Cambrian to Floian PABC
from the structurally underlying rocks of the GBC (Figs. 2B
and 10), which are inferred to be Floian to Dapingian (see
above), suggesting an “old over young” geometry across the
fault. The fault zone is only well exposed in a few places along
its strike length, but mylonites and banded straight gneiss
with dextral oblique reverse shear sense indicators, as in the
CRFZ, occur in several outcrops north and south of the Trans
Canada Highway immediately west of the town of Port aux
Basques. Small-scale ductile or ductile–brittle thrust zones
occur in its footwall (Fig. 3D). The shear zone tectonites lo-
cally truncate or overprint the main composite foliation (Sm)
and F2 folds, hence the fault is mainly a relatively late struc-
ture that formed after D2. Regional mapping suggests that
this structure follows a band of Kelby Cove orthogneiss that
defines the boundary between the GBC and PABC (Figs. 2 and
10), which was folded by large doubly plunging F3 folds in a
geometry like shown in Fig. 4D. The GBFZ and the nearby Big
Barachois fault (Fig. 2) probably had complex movement his-
tories, but the dextral oblique reverse motion is grouped with
D3. The shearing started early, before any significant F3 fold-
ing, and continued afterwards. U–Pb titanite from banded
gneiss immediately adjacent to and/or in the GBFZ yielded
ages of 410 and 405 Ma, respectively (Figs. 2 and 7), which we
interpret as crystallization ages (Hartnady et al. 2019) associ-
ated with prolonged D3-related strain and retrogressive am-
phibolite facies metamorphism localized in the shear zone.

Isle aux Morts deformation zone (IMDZ)
The IMDZ (Fig. 5) comprises an important but complex

zone, 0.5–2 km wide, of enhanced strain comprising sheared
tectonites and cataclasites of the PABC and HLCG situated
between the discrete Isle aux Morts and Otter Bay faults.
The latter two structures are outlined by lineaments on air-
photos and are characterized by narrow zones of ductile–
brittle shear zones and/or cataclasite (Fig. 5C) commonly with
dextral kinematics where exposed. Tight to isoclinal folds,
marked attenuation and boudinage, and an abundance of
shear sense indicators (Figs. 3E and 3H) characterize this zone
of enhanced strain. The Isle aux Mort fault truncates the main

ductile shear zone (GRSZ), which is localized in a thin, con-
tinuous band (10–50 m thick) of ca. 451 Ma (Fig. 7) highly
tectonized Port aux Basques granite (Figs. 3H, 5A, and 5B),
a few kilometres northeast of the village of Isle aux Morts
(Figs. 1 and 2). The GRSZ is complexly folded by F2 (Burnt Is-
land Brook structure) and F3 (Fig. 5A) and defines the tectonic
boundary between the PABC and HLCG. The distinctive Port
aux Basques granite and Margaree orthogneiss of the PABC
are absent in the HLCG (Fig. 2). The sheared, narrow band of
Port aux Basques granite (Fig. 3H) tectonites extends contin-
uously for more than 20 km and consistently separates the
HLCG from the PABC (van Staal et al. 1996b). The two units
differ markedly in their lithological make-up and Ordovician
tectonomagmatic history, indicating the GRSZ marks a ma-
jor pre-D2 tectonostratigraphic boundary (Fig. 10) that jux-
taposed unrelated units. The tectonostratigraphic contrasts
are typical of the Dog Bay Line (Williams et al. 1993), which
separates elements of the Victoria arc and Exploits backarc
basin (Zagorevski et al. 2010) characterized by an abundance
of magmatic rocks interpreted to have formed in these set-
tings (Margaree and Kelby cove orthogneisses), from the ad-
jacent coeval sediment-dominated successions with rare vol-
canic rocks related to rifting associated with backarc opening
(Schofield et al. 1998); hence the GRSZ represents an along
strike segment of this structure that was overprinted and
translated during formation of the Meelpaeg structure (Fig.
10A, stage C). The two bounding fault strands (Fig. 5A) of the
IMDZ thus envelope a lenticular zone of sheared PABC and
HLCG rocks that widens to the northeast until the movement
zone is cut by the ca. 417 Ma Rose Blanche granite to the
northeast (Fig. 1). Hence the GRSZ was active between 451
and 417 Ma, thus mainly during the Silurian Salinic orogeny,
considering the Upper Ordovician Port aux Basques gran-
ite formed before D1 and that the Rose Blanche granite in-
truded late during D2. However, continuation of narrow dex-
tral shear zones within the Rose Blanche granite, along strike
of the western Isle aux Mort fault, indicates dextral move-
ments were accommodated in the IMDZ during the Early De-
vonian (Fig. 1). The movement history of the rocks in the
IMDZ is complex like that preserved in the CRFZ and BMFZ
(see below), recording both early reverse (Fig. 3A), sinistral
and later dextral horizontal movements (Fig. 3G) according
to shear–sense indicators (e.g., shearbands, C-S fabrics, asym-
metrical boudinage, etc.; van Staal et al. 1992). Macroscopic
folding of the GRSZ tectonites by F2 and F3 in the Burnt Is-
land Brook structure (Fig. 5) indicate that shearing must have
started prior to F2 when Sm probably was shallowly dipping
considering the generally shallow plunges of the upright F3

folds (Fig. 9). Kinematic interpretations of folded shear zones
are thus dependent on restoring them to their pre-folding at-
titudes.

Bay Le Moine Fault zone (BMFZ)
The BMFZ (Fig. 6A) is a northeast-trending curviplanar

structure, several kilomteres wide, comprising both ductile
shear zones and brittle fault strands that combined separate
the upper amphibolite facies rocks of the HLCG from the
greenschist facies rocks of the lithologically similar Bay du
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Nord Group (Lin et al. 1993) to the east. The main ductile
shear zone is ca. 1 km wide and the juxtaposed rocks were
subjected to an identical structural history on both sides of
the fault (Lin et al. 1993; van Staal et al. 1996b). Hence, this
fault zone is not an important tectonostratigraphic boundary
like the GRSZ, but merely a major fault zone that separates
rocks of the same tectonostratigraphic unit at different meta-
morphic grades. Its movement history is complex involving
both sinistral and dextral shear (Lin et al. 1993), which both
affect the Rose Blanche granite, but the non-coaxial shear–
sense indicators formed during the younger dextral phase are
restricted to the main shear zone, whereas the older sinistral
shear indicators occur over a wider area. Small-scale F3 folds
in the BMFZ are consistently dextral, which combined with
the clockwise sense of rotation of their curviplanar fold axial
surfaces and axes indicate that an important phase of ductile
dextral shearing was associated with D3. F3 folds deform S2

in the adjacent Rose Blanche granite and its migmatitic en-
velope (Figs. 2 and 6) indicating that D3 and the associated
dextral shear occurred during the Early Devonian Acadian
orogeny as in the PABC and CRFZ. The onset of dextral shear-
ing, however, is poorly constrained by our data set, because
shearing may have started as early as the final increments
of D2, during or shortly after intrusion of late Rose Blanche
granite-related aplites, which cut Sm but were sheared dex-
trally (Fig. 6B), although this contradicts other observations
that sinistral shear was active during Rose Blanche magma-
tism (see below). The onset of D3 likely happened after in-
trusion of the ca. 416 Ma distinct megacrystic La Poile gran-
ite (Chorlton 1980; Chorlton and Dallmeyer 1986), which
was juxtaposed with the more penetratively deformed Rose
Blanche granite by the BMFZ and deformed during D3. La
Poile granite offshoots that had intruded the Rose Blanche
pluton near to and within the BMFZ cut Sm and were sheared
dextrally and/or folded during D3, although the overall strain
is commonly less than in the Rose Blanche granite. The ca.
416 Ma La Poile granite thus postdates D2 and predates D3

(=D2 of Chorlton and Dallmeyer 1986). The BMFZ cuts and
widens into both granites further to the north (Fig. 1). Dex-
tral shearing thus mainly occurred during the Early Devo-
nian, which is consistent with the observation that the duc-
tile segment of the BMFZ is cut by the ca. 397 Ma Petites
granite (Kerr et al. 2009), which in turn shows a ca. 2.8 km
dextral offset (Fig. 6) during later, mainly brittle movements
(Lin et al. 1993). D3 thus overlapped with dextral shearing,
as in the CRFZ. Stretching lineations in the BMFZ and imme-
diately surrounding tectonites dominantly have shallow to
moderate westerly to southwesterly plunges (Fig. 6), suggest-
ing the shear zone accommodated both horizontal and verti-
cal movements, such that the greenschist facies rocks of the
Bay du Nord Group moved downwards with respect to the am-
phibolite facies rocks of the HLCG. The sinistral shear sense
indicators in tectonites that occur within or adjacent to the
BMFZ are associated with transverse NW–plunging lineations
(Fig. 9) and probably accommodated an important increment
of reverse motion prior to D3 dextral shear. We tentatively in-
terpret the wider zone of west-dipping tectonites adjacent to
the BMFZ as having accommodated oblique sinistral reverse
shear during and possibly shortly after D1-2 but before D3.

Sinistral oblique shear lasted at least until intrusion of the
Rose Blanche granite since sinistral shear locally overprints
granite offshoots (Fig. 3E) and aplites show clear syntectonic
relationships in several places. Contradictory syntectonic re-
lationships displayed by aplites in dextral mylonites (Fig. 6B)
could be reconciled if a switch from sinistral to dextral shear
occurred late during or immediately after Rose Blanche in-
trusion. Regardless, both senses of shear suggest that some
degree of tectonic transport of high-grade rocks of the HLBC
above the lower grade rocks of the Bay du Nord Group (Fig.
10C) was initiated during the early Lochkovian.

Metamorphism and age of deformation
The overall grade of metamorphism increases from north-

west to southeast with the highest pressure and lowest tem-
perature rocks occurring in the least retrogressed parts of the
GBC and adjacent PABC (Figs. 2 and 8), which record growth
of biotite, hornblende, kyanite, staurolite, and garnet before
and early during D2 (Burgess et al. 1995). Further eastwards
in the PABC, modal staurolite decreases concomitantly with
increase of modal kyanite, followed by introduction of ana-
tectic melts in the kyanite zone, and subsequently followed
by crystallization of sillimanite at expense of kyanite fur-
ther to the east. In the eastern part of the PABC and HLCG
the highest-grade pelitic and semi-pelitic rocks are charac-
terized by sillimanite, garnet and K-feldspar-bearing assem-
blages and show a marked increase in the degree of migma-
tization. Hornblende in the garnet amphibolites becomes
progressively browner with increasing metamorphic grade
and amphibolites show an increase in the modal content of
clinopyroxene. The progressive increase in peak metamor-
phic grade from northwest to southeast without evidence for
a metamorphic break between the PABC and the HLCG across
the GRSZ (Figs. 2 and 8) suggest that the metamorphic iso-
grads and the enveloping surface to the D1-2 structures have
an overall northwesterly tilt, which was created late during
or after D2. Pressure–temperature conditions varied from c.
600–650 ◦C in the west to 700–750 ◦C in the east. Pressures
ranged between 10 and 8 kb (Burgess et al. 1995). Migmati-
zation culminates in a wide envelop of strongly migmatized
pelitic and semi-pelitic rocks around the Rose Blanche gran-
ite body (van Staal et al. 1996b), suggesting that peak high-T
metamorphism in the HLCG was achieved close to the time of
intrusion, consistent with the 418 ± 9 Ma U–Pb titanite and
419 ± 2 Ma 39Ar/40Ar hornblende ages in the HLCG (Figs. 2
and 8), which overlap in error with the preliminary 417 ± 2
Ma U–Pb zircon age of the Rose Blanche granite (Figs. 7 and 8).
The 418 ± 9 Ma titanite is a 206Pb/207 Pb age from a migmatitic
gneiss of the Otter Bay Formation in the relatively low-strain
hinge of the F3 Grandy Sound antiform (Fig. 2), suggesting
that the titanite age relates to late syn-D2 peak metamor-
phism, which is consistent with the 206Pb/238 U and 207Pb/235 U
ages, which are both 420 ± 2 Ma (Burgess et al. 1995). The age
of the Rose Blanche granite is preliminary but may be as old
as 419 Ma (Devonian–Silurian boundary; Cohen et al. 2022),
which is consistent with an unpublished SHRIMP age of ca.
419 Ma (C. Wang, written communication ( 2023)). Hence,
the metamorphism associated with structural burial (∼10 Kb)
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during D1 to early D2 based on the relative age of growth
of kyanite and garnet porphyroblasts (see above), probably
occurred before peak-temperature Barrovian metamorphism
at ca. 8 Kb (Burgess et al. 1995), near the Silurian–Devonian
boundary or earlier.

The onset of D3 likely started after intrusion of the ca. 416
Ma La Poile granite (Chorlton and Dallmeyer 1986), but be-
fore the greenschist facies conditions, which were reached
between 403 and 390 Ma as indicated by the Ar ages of bi-
otite and muscovite (Fig. 8) in tectonites of the CRFZ and
IMDZ (Fig. 2), which were both active during D3 (Figs. 2
and 10). This interpretation is consistent with titanite ages
in D3-related shear zones between 412 and 405 Ma (Figs. 2,
7, and 8), which are interpreted as (re)crystallization ages
(Hartnady et al. 2019) during D3. Four U–Pb monazite ages
in migmatitic tectonites of the PABC and HLCG range from
416 to 413 Ma (Fig. 8), regardless of whether they are prox-
imal or distal to D3 shear zones (Fig. 2). The oldest mon-
azite ages of ca. 416 Ma overlap in error with the age
of the Rose Blanche granite and may have grown during
peak-temperature metamorphism, whereas the two slightly
younger ages could record new growth and/or recrystalliza-
tion during retrograde amphibolite facies metamorphism as-
sociated with increments of early exhumation (see below)
during the Lochkovian before the onset of D3 (Fig. 8). New
growth and/or recrystallization of monazite is common in
collisional orogens (Martin et al. 2007), evidenced by the
growth of ca. 404 Ma monazite in the Port aux Basques gran-
ite tectonite that defines the GRSZ (Fig. 7). Combining all
available age constraints (Figs. 2 and 8), particularly the dated
titanites of D3 related tectonites, we infer that D3-related
shearing started after 412 Ma and continued until the Middle
Devonian.

Macroscopic structure
The orientations of the main composite foliation (Sm), min-

eral/stretching lineation (Lm/LS) and the F3 hinge lines display
significant variation in the investigated area (Fig. 9). Lm/Ls dis-
plays large spreads between northeast and southwest in gir-
dles that lie in Sm. Girdles of Sm reflect folding by southwest-
or northeast-plunging F3 folds. The pole of the girdle of Sm co-
incides with the dominant southwesterly plunge of the mea-
sured mesoscopic F3 folds in the GBC (Fig. 9). Mesoscopic
and macroscopic F3 folds generally show a plunge reversal to
northeast plunges in the eastern and northeastern part of the
investigated area especially in the eastern part of the PABC
near the IAMDZ, creating elongated doubly plunging domal
structures, well outlined by sheets of Port aux Basques gran-
ite and narrow bands of orthogneiss (Fig. 2). As a result, the
distribution of Sm in the PABC defines two girdles, the poles
of which coincide with the bimodal distribution of the hinge
lines of mesoscopic F3 folds, which plunge either to the north-
east or southwest (Fig. 9). The average S3 has a steep dip (c.
60◦–80◦) towards the southeast (c. 140◦) west of the IMDZ (Fig.
9). S3 has the same northeast–southwest strike in the HLCG
east of the IMDZ but dips dominantly towards the northwest
instead. S3 thus fans from west to east. Towards the east, it
first progressively steepens culminating with nearly vertical

or steep NW-dips in the PABC near to and within the IMDZ
and then acquires dips towards the northwest in the HLCG.
In addition, the majority of the F3 folds in the HLCG plunge
moderately to shallowly towards the northeast (Fig. 9). The
girdle defined by Sm in the HLCG is a proxy for the orientation
of the Grandy Sound antiform defined by the regional distri-
bution of the two lithological formations in the HLCG (Fig. 2).
The Grandy Sound antiform has a shallow (ca. 15◦) plunge to-
wards the northeast (048◦), whereas its axial plane has a steep
dip (ca. 73◦) to the northwest (318◦) using the girdle of Sm and
mean orientation of S3 in the HLCG (Fig. 9). The Grandy Sound
antiform is cored by the older Otter Bay Formation (Fig. 2) and
is thus an anticline macroscopically. Hence, the stratigraphy
of the HLCG was structurally not inverted on a regional scale
prior to D3. The geometry of the F3 structures with a chang-
ing vergence from northwest to southeast between the CRFZ
and the BMFZ defines a fanning structure (Fig. 10B, stage
D), associated with dextral shearing in the bounding fault
zones.

Fold interference structures
The distribution of the Otter Bay and Grandy’s formations

in the HLCG suggests that the large F3 Grandy Sound anti-
cline and parasitic folds locally refold smaller scale F2 folds
(Fig. 2C), although in several cases the exact geometries of the
interference patterns either could not be determined due to
the unknown continuation of the units beyond the coastline
or were not structurally analysed in detail. One exception is
the Burnt Island Brook structure, which is defined by the nar-
row sheet of Port aux Basques granite that outlines the GRSZ
along the boundary between the PABC and the HLCG (Fig. 5).
Mesoscopic F2 folds are overturned, recumbent, or reclined
(Figs. 3F and 4C) in the core of the Grandy Sound anticline
(Fig. 3F) and smaller scale F3 folds (Fig. 2C), suggesting that
the D1-2 structures had a shallow-to-moderate dip prior to F3

folding, consistent with the moderate-to-shallow plunges of
F3 throughout the area.

Burnt Island Brook structure
The Burnt Island Brook structure is a fishhook-like fold in-

terference pattern within the IMDZ. The interference pattern
is defined by a large refolded asymmetrical S-shaped isoclinal
F2 fold and slightly more open northeast-trending F3 folds
(Figs. 5A and 5B). The hinge lines of the F2 folds are parallel
to the northeast-trending stretching lineations in the IDMZ
(Fig. 5). The interference pattern is outlined by the well ex-
posed (visible on-air photos) narrow band of Port aux Basques
granite tectonite (Fig. 3H), but it is significant that similar in-
terference structures involving the same rocks are commonly
present on mesoscale as well (Fig. 4E). The Port aux Basques
granite tectonite that defines the GRSZ comprises several in-
dividual narrow bands of granite, which are intimately inter-
leaved with thin screens of highly strained amphibolite and
migmatitic garnet and sillimanite-bearing semi-pelitic schist
and gneiss of the PABC. The GRSZ tectonites are typically
strained into straight gneiss and contains intrafolial F2 folds
of a well-developed S1 (Fig. 3H), which are both folded by F3

on all scales. Some of the Port aux Basques granite bands de-
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fine shallowly doubly plunging domal-shaped structures with
M-shaped mesoscopic F3 folds in the hinge (Fig. 5). The do-
mal structures highlights the curvilinear nature of F3 (Figs.
4D, 4H, and 10C), although most F3 folds have a shallow-
to-moderate plunge to the northeast or north (Fig. 5). Grad-
ing in metasandstone beds and the distribution of coticule
layers in the Grandy’s Formation (Fig. 4D) indicate that the
most northerly hinge of the refolded S-shaped F2 isocline is
an anticline with the Otter Bay Formation of the HLCG in
its core.

Unfolding F3 folds and tectonic
transport

Interpretation of the distribution of Lm/Ls in the Meelpaeg
tectonites of the Port aux Basques area is complicated be-
cause the relative age of a part of the measured lineations is
ambiguous and the tight F3 folds commonly have near similar
shapes (Figs. 4G and H) in zones of enhanced strain, indicat-
ing various degrees of modification (flattening) of the buckle
folds by superimposed strains, factors which hamper any in-
depth interpretation of the lineation patterns (see Ramsay
1967). Unfolding of the shallow northeast plunging macro-
scopic F3 folds suggests that both limbs of the F2 Burnt Island
Brook structure within the IMDZ (Fig. 5) were dipping to the
north and hence this fold was overturned towards the south
prior to F3 refolding. The transverse set of Lm/Ls with steep
pitches outside the zones of enhanced D3 strain, inferred to
be related to D1-2, has an approximate trend between north
and west when unfolded. Combining the restored attitudes
of these two structures suggests that tectonic transport was
directed towards an orientation between south and east be-
fore D3, assuming the hinge lines of the Burnt Island Brook
structure and associated parasitic F2 folds in the IMDZ, which
are parallel or nearly so to F3 (Fig. 5), initially formed at a high
angle to the transverse set of Lm/Ls and were progressively ro-
tated into parallelism with the finite stretching lineation and
F3 in the IMDZ, due to high strains late during and after D2.
Such a movement picture is consistent with the structures
displayed by Rose Blanche aplite veins in the hinge of a nearly
upright, relatively open, shallowly plunging F3 antiform (Fig.
3F) west of the IMDZ, where Sm was probably little reoriented
during D3. If the granite aplites are inferred to have intruded
into sites oriented at a high angle to the infinitesimal ex-
tension direction, the orientation of the strain axes with re-
spect to Sm, determined from the folded and obliquely ex-
tended aplite veins suggests the shear was directed towards
the southeast. Considering the major contrasts in tectonos-
tratigraphic and magmatic histories between the PABC and
HLCG and the interpretation that D1-2 was a progressive de-
formation, the GRSZ probably accommodated thrusting of
the PABC above the HLCG, which must have occurred be-
fore F2 folding. D1-2 movements characterized by southeast-
directed flow is consistent with the overall northwest tilt of
the metamorphic isograds, and attenuation of the Grandy’s
Formation of the HLCG along the western limb of the Grandy
Sound anticline where the unit is highly thinned and/or trun-
cated along the GRSZ (Fig. 2).

Structural interpretations

Salinic deformation (D1-2)
There are few data to constrain the nature of D1. It pro-

duced a penetrative foliation (S1) of varying intensity in all
rocks and folds (F1) at mesoscale (Fig. 4A), although no map-
scale folds of this generation have been recognized. Neverthe-
less, the growth of metamorphic minerals prior to F2 (Burgess
et al. 1995) suggest that the D1 deformation must have led
to significant structural burial, while F2 folding of the GRSZ
implies pre-F2 emplacement of the PABC and GBC above
the HLCG along this shear zone. The shear zone tectonites
are strongly foliated mylonites and straight gneiss and con-
tain numerous intrafolial isoclinal folds (Fig. 3H), suggesting
they accommodated high strains compared to the envelop-
ing rocks. D1-2 is inferred to have been associated with south-
or southeast-directed tectonic transport involving thrusting
and overturned folding based on the assumption that D1 and
D2 formed part of a progressive deformation as suggested by
the growth of metamorphic porphyroblasts relative to struc-
ture (Burgess et al. 1995). D3-related folding and steepening
of the shallowly dipping L-S tectonites formed during D1-2,
into steeply northwest-dipping attitudes in the HLCG would
result in sinistral oblique reverse shear sense indicators (Fig.
3E) and moderate to steeply northwest plunging stretching
lineations. Indications of map-scale F2 folds are evident in
the HLCG and shown in the cross-section (Fig. 2C). Taken to-
gether, the D1-2 tectonites are inferred to have been incorpo-
rated in a south- or southeast-facing orogenic wedge, which
initially formed by progressive Salinic underthrusting (A-
subduction) of the Gander margin (Fig. 10A, stage A) beneath
composite Laurentia (van Staal 1994; Valverde-Vaquero et al.
2006). F2 folding of the GRSZ suggest that closure of the Ex-
ploits backarc basin probably occurred during D1 with south
or southeast-directed tectonic transport continuing during
the ongoing collision represented by D2. Remnants of the
rifted Victoria arc (PABC and GBC), isolated in the backarc
basin during multiple phases of arc-rifting and disorganized
spreading (Zagorevski et al. 2010), were also accreted and in-
corporated in the orogenic wedge (Fig. 10A, stages A and B).
A comparable Salinic tectonic evolution, including southerly
overturned F1-2 folds, was recognized in the Bay du Nord
and Baie d’Espoir groups elsewhere (Blackwood 1983, 1984;
O’Brien 1988), and in correlative rocks in New Brunswick
where pieces of the rifted Popelogan arc (equivalent of Victo-
ria arc) that became isolated in the Tetagouche backarc basin
(=equivalent of the Exploits backarc) were pulled down the
subduction zone and metamorphosed to high-pressure low-
temperature metamorphism during D1 (van Staal et al. 2008).

Acadian deformation (D3)
Final emplacement of the Meelpaeg tectonites and their

contained Rose Blanche granite above lower grade rocks oc-
curred during D3. The onset of shearing in the CRFZ arose
at or shortly after 412 Ma based on Early Devonian U–Pb ti-
tanite and 40Ar/39Ar hornblende and biotite ages (Dunning
et al. 1990; Dubé et al. 1996, this study) in the GBC tec-
tonites between the CRFZ and GBFZ (Figs. 2 and 8), whereas
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D3-related shearing in the BMFZ occurred after intrusion of
the ca. 416 Ma La Poile granite. Reverse tectonic transport
along the CRFZ was in a westerly direction and associated
with major retrogression to lower greenschist facies condi-
tions in the hanging wall rocks (Dubé and Lauzière 1996), but
towards the southeast along the BMFZ (Lin et al. 1993) (Fig.
10B, stage D). The “Meelpaeg nappe” of Valverde-Vaquero et
al. (2006) is thus neither a klippe nor a single thrust nappe,
but a bi-vergent structure comprising two major thrusts with
opposite sense of dip–slip motions. Structural evidence dis-
cussed earlier (see CRFZ section) suggests that F3 folding and
dextral-reverse shearing, at least in part, overlapped in time.
Hence, the penetrative horizontal shortening of the Meel-
paeg tectonites by F3 folds also probably caused steepening
of the CRFZ and BMFZ (Figs. 2B, and 10B stage E). In addition,
the presence of F3 folds throughout the tectonites that de-
fine the CRFZ and BMFZ and large-scale F3 folds of the GBFZ
and Big Barachois fault (Fig. 2) indicate that west-directed tec-
tonic transport had started before significant F3 folding, thus
when the fault zones had shallower dips. The same relation-
ships were observed near the Victoria Lake shear zone (Fig. 1,
VLSZ), which represents the continuation of the CRFZ to the
northeast (Valverde-Vaquero et al. 2006). Reverse bi-vergent
tectonic transport of the Meelpaeg tectonites is thus inter-
preted to have started early during D3, before penetrative
regional F3 folding. Hence, the regional fanning of S3 from
east to west between the moderately to steeply southeast-
dipping CRFZ in the west and the steeply NW-dipping BMFZ
in the east, which resembles the geometry of a ductile pos-
itive flower structure if the presence of F3 folds is ignored,
probably formed relatively late during D3 (Fig. 10B, stage D).
Steepening of the earlier bi-vergent reverse faults during F3

folding progressively rotated them into steep orientations
favourable for accommodating late dextral strike–slip mo-
tions, which is consistent with the parallelism between the
shallowly plunging stretching lineations and F3 hinge lines
near the major fault zones (Fig. 9). D3 culminated into forma-
tion of narrow brittle faults (Figs. 3C and 5C) after 397 Ma,
which continued until at least the Middle Devonian. D3 thus
represents a complex, protracted dextral transpressive defor-
mation system, which culminated with the juxtaposition of
the upper amphibolite facies rocks (8–10 kb) with lower grade
greenschist or sub greenschist facies rocks on each side of the
bi-vergent structure.

Regional structural correlations with
other parts of the gander margin in
Newfoundland

The composite Gander margin shows a remarkable consis-
tent evolution in structural style from northeast to south-
west Newfoundland, although there may be differences in the
number of fold generations recognized from one locality to
the other, duration of the sense of shear and diachroneity
in development of structures. South- or southeasterly over-
turned or recumbent structures are refolded by northeast-
striking steeply inclined or upright F3 folds and/or northwest-
directed reverse faults of various intensities along the length

of the margin in eastern (e.g., Holdsworth 1994) and southern
Newfoundland (Blackwood 1983, 1984; O’Brien 1988; O’Brien
et al. 1993) where the structural grain commonly has a more
East–West strike.

Peak metamorphism, D2 or correlative deformation, and
associated syn-tectonic magmatism were dated between 430
and 420 Ma and hence formed during the Salinic orogeny
(Dunning et al. 1990; Schofield et al. 1996; Schofield and
D’Lemos 2000; Kellett et al. 2016). Steeply inclined or upright
D3 structures are syntectonic with Early Devonian granites
(Schofield and D’Lemos 2000), whereas structures that equate
with D2 and D3 herein were associated with sinistral shear
zones (Holdsworth 1994; Schofield et al. 1996; Schofield and
D’Lemos 2000; Kellett et al. 2016). Sinistral shear may have
continued until the late Early Devonian (400–394 Ma) and re-
placed by more localized dextral shear by at least 385 Ma
(Kellett et al. 2016). However, the evidence concerning the
time of shear reversal is ambiguous on a regional scale such
that a phase of Early Devonian localized dextral shear af-
ter the Silurian penetrative sinistral shear (Holdsworth 1994)
is also compatible with the available data. The nearby Dog
Bay Line, which separates the Gander margin from the rocks
formed in the Exploits backarc basin (Figs 1 and 10A), accom-
modated Early Devonian dextral shear (Williams et al. 1993;
Piasecki 1995). Hence the time when the switch from sinistral
to dextral occurred regionally is not well defined and both
dextral and sinistral shear may have overlapped in time in
the various segments of the Gander margin. Dextral shear
was prevalent during the Early Devonian D3 in northcentral
(Lafrance and Williams 1992) and southwest Newfoundland
(Dubé and Lauzière 1996, this study), while sinistral shear
may have continued during D3 well into the Early Devonian
in eastern Newfoundland. If dextral motion in the western
parts of the Gander margin overlapped with sinistral in the
east, it indicates that Ganderia was escaping southwards with
respect to its bounding terranes.

Tectonic evolution of the Meelpaeg
tectonites within the framework of
Salinic and Acadian orogenesis in
southern and northeastern
Newfoundland

Salinic orogeny
The tectonic evolution of the Meelpaeg tectonites started

when they were deeply buried following progressive Silurian
underthrusting of elements of the Exploits backarc (GBC and
PABC) and the Gander margin (HLCG) (Fig. 10A), beneath
composite Laurentia. Correlative rocks such as the Bay du
Nord, Red Cross, Bay d’Espoir, and underlying Gander groups
(Fig. 1) were also involved in this tectonism, but equiva-
lent deeply buried parts of these rocks are generally not
exposed and probably still buried at depth as the Gander
margin rocks have been traced seismically westwards to the
base of the crust (van der Velden et al. 2004). Underthrust-
ing of the Gander margin of the Exploits backarc basin fol-
lowed the closure of the oceanic segment (van Staal 1994;
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van Staal et al. 1998, 2014a, 2021; Valverde-Vaquero et al.
2006; Zagorevski et al. 2010), which was accompanied by a
short lived (445–433 Ma) east-facing arc (Fig. 1) (Whalen et al.
2006) and a turbidite-rich forearc (Badger Group). The termi-
nal Salinic suture is the Dog Bay Line (Williams et al. 1993;
van Staal et al. 2014a), which separates the Gander margin
rocks from volcano-sedimentary sequences that form part of
the Victoria arc and Exploits backarc basin. The Dog Bay Line
can be traced from northeastern Newfoundland into cen-
tral Newfoundland (Valverde-Vaquero et al. 2006) and an al-
lochthonous segment is preserved within the Meelpaeg struc-
ture as GRSZ (Fig. 10A). When the Salinic collision exactly
started in southwestern Newfoundland is poorly constrained
because the marine Indian Island foreland basin (Fig. 1) is
not preserved here. However, it probably occurred earlier
than further to the northeast, where it started at ca. 433 Ma
(van Staal et al. 2014a) because it involved underthrusting
by the Cabot promontory on the Gander margin (Lin et al.
1994; van Staal 1994; Valverde-Vaquero et al. 2006). In addi-
tion, some time is needed to structurally bury and metamor-
phose sedimentary rocks to upper amphibolite facies con-
ditions at depths corresponding to ca. 10 Kb, even though
the duration of the peak-temperature Barrovian metamor-
phism can be short-lived (Viete and Lister 2017). Marine sed-
imentation in the Salinic Badger forearc had ceased every-
where in Newfoundland at ca. 433 Ma (O’Brien 2003) and re-
placed by unconformable terrestrial red-bed sedimentation
(e.g., Botwood Group) and associated magmatism, which be-
come progressively younger eastwards (van Staal et al. 2014a).
Ludlow red beds (ca. 422 Ma) overstepped the Dog Bay Line
(Pollock et al. 2007) suggesting that the Salinic orogen was
largely subaerial by this time, which is consistent with the
Ludlow to Pridoli age (ca. 422 Ma) of the clastic-dominated
Rocky Ridge belt (RRB in Fig. 1) of the Silurian La Poile Group
(O’Brien et al. 1991). The RRB is lenticular and truncated by
the Acadian dextral reverse Bay d’Est fault, which defines its
northwestern boundary and separates it from the highly tec-
tonized belts of the Bay du Nord Group to the north (Fig.
1), the southernmost belt of which (Dolman Cove belt of
Tucker et al. 1994 and Chorlton and Dallmeyer 1986) con-
tains coarse upper Silurian clastic rocks and interlayered tuff
(Brian O’Brien (written communication, 2023)). The RRB has a
significantly different stratigraphy compared to the remain-
der of the largely older Silurian volcanic-dominated La Poile
Group, preserved further to the southwest from which it is
isolated by faults (O’ Brien et al. 1991, 1993). The stratigraphic
linkage between the two separated belts of La Poile Group
is represented by latest Silurian (ca. 422 Ma) felsic tuff in-
terlayered with the clastic sedimentary rocks. The felsic tuff
layers are coeval with the terminal felsic volcanic rocks in
the La Poile Group proper (O’Brien et al. 1991); hence the
RRB is largely younger. The predominance of Ludlow to Pri-
doli fluvial and alluvial coarse clastic rocks and conglomerate
in the RRB and parts of the Dolman Cove belt suggest they
may have formed part of a late Salinic molasse-type foreland
cover deposited on the Gander margin in southwestern New-
foundland (van Staal et al. 2014a, 2021) inviting correlation
with the coeval Botwood Group red beds that overstep the
Dog Bay Line further to the northeast (Pollock et al. 2007).

Inversion of the molasse foredeep took place at ca. 419 Ma
(O’Brien et al. 1991), which is interpreted as approximately
dating the terminal stage of the Salinic collision in south-
western Newfoundland (Fig. 10A, stage B). This interpretation
is consistent with the age constraints within error of D1-2 in
the Meelpaeg structure, since D2 terminated shortly after the
early Lochkovian (ca. 417 Ma) intrusion of the large, late syn-
tectonic Rose Blanche granite (Figs. 1 and 2). Formation of
the Rose Blanche granite and associated migmatization, and
other related coeval felsic and mafic magmatic rocks along
strike, were related to melting induced by heat derived from
the mantle following slab break-off and progressive open-
ing and widening of an asthenospheric window beneath the
Salinic orogen due to foreland migration of the trench of
the A subduction zone (van Staal et al. 2014a; Figs. 8B and
8C). In this model, D2 thus also includes deformation that
overlapped with slab break-off. A comparable Salinic tectonic
evolution was recognized elsewhere in central and southern
Newfoundland (Valverde-Vaquero et al. 2006) and in correl-
ative rocks in central New Brunswick, which show a sur-
prisingly similar timeline of events (Wilson et al. 2017). The
anomalous high grade of metamorphism compared to sim-
ilar rocks along strike probably relates to prolonged under-
thrusting and structural thickening of buoyant continental
Gander margin rocks of the Cabot promontory, whereas sub-
duction of less-buoyant backarc lithosphere continued in the
reentrants (van Staal 1994; Fig. 9). Slab break-off leads to re-
bound of the partially subducted buoyant slab (slab unbend-
ing of van Staal et al. 2014a; Fig. 8C), which is inferred to have
progressively squeezed the deeply buried crustal rocks pulled
down in the subduction channel and forced their movement
upwards (van Agtmaal et al. 2022). Such southeast-directed
upward flow of deeply buried high-grade rocks promoted tec-
tonic escape (Fig. 10A, stage C), consistent with the monazite
and titanite ages, suggesting the onset of retrograde amphi-
bolite facies conditions and thus exhumation sometime be-
tween 417 and 412 Ma (Figs. 7 and 8). The lack of evidence
for any west-directed tectonic transport, interpreted as the
start of D3, before 412 Ma suggests that southeast-directed
tectonic transport of the Meelpaeg tectonictes continued in
the period after slab break-off, which is consistent with tec-
tonic escape. The deformation that accommodated tectonic
escape had a similar style and sense of shear along its basal
shear zone (Fig. 10A; stage C) as occurred during D2 and D3

in the eastern part of the Meelpaeg structure, hence would
be difficult to recognise as a separate event. Three additional
lines of evidence support the tectonic escape model: (1) de-
formation and mylonitization of the Rose Blanche granite
in the BMFZ had started late during D2 and continued af-
ter late syntectonic granite emplacement (Fig. 6B) and thus
also peak Salinic metamorphism, (2) cooling and exhumation
rates appear to be higher in the northwest than the southeast
(Burgess et al. 1995), where the base of the inferred escap-
ing wedge is located (Fig. 10A; stage C), and (3) offshoots of
the 416 ± 4 Ma La Poile granite cut BMFZ and D2 tectonites
in the Rose Blanche granite further to the north (Fig. 1), but
were subsequently deformed by D3-related shearing and fold-
ing. Upwards flow of the buried rocks during the proposed
tectonic escape demands the presence of normal sense shear
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in the hanging wall of the escaping wedge (Fig. 10A, stage C)
and shallow-to-moderate northwesterly dips in the GBC tec-
tonites. The GBC tectonites now generally have a steep dip
to the southeast between the CRFZ and the GBFZ (Figs. 2 and
9), which was established during the D3 westwards-directed
thrusting and subsequent F3 folding (Fig. 10B, stage d). How-
ever, sinistral reverse shear sense indicators associated with
southwest-plunging stretching lineations in amphibolite fa-
cies tectonites of the GBC, which predate the D3-related dex-
tral reverse movements and associated retrogressive meta-
morphism, adjacent to the CRFZ (Dubé and Lauzière 1996),
are consistent with the tectonic escape model if the L-S fab-
ric is restored to a pre-D3 orientation characterized by north-
westward dips. Such a restoration would produce a compo-
nent of down–dip normal sense of shear associated with an
early horizontal sinistral component in the CRFZ tectonites.
A northwesterly dip of the D1-2 tectonites before D3 is also
consistent with the inferred southerly or southeasterly over-
turning and vergence of the F2 folds after unfolding of F3 in
the IMDZ.

Acadian orogeny
The Acadian orogeny was attributed to the protracted Early

Devonian collision of Avalonia (lower plate) with composite
Laurentia (upper plate) that at this stage included all Gande-
ria (Fig. 10B) (Holdsworth 1994). A Silurian arc–backarc com-
plex (coastal arc of van Staal and Barr 2012) was built on the
southern edge of the Gander margin along the south coast
of Newfoundland (Fig. 1) during closure of the Acadian sea-
way (van Staal et al. 2012). The Coastal Arc–backarc is rep-
resented by the Burgeo granite and coeval volcanic rocks of
the La Poile Group (429–422 Ma, O’Brien et al. 1991) in south-
ern Newfoundland (Fig. 1). However, the exact time when the
Acadian seaway was closed, and Avalonia started to be under-
thrust beneath the Gander margin is uncertain in Newfound-
land. The collision is generally thought to have started no
later than 419 Ma, primarily based on the time of inversion
of the La Poile backarc basin (van Staal and Barr 2012) and
the onset of dextral oblique reverse movements (O’Brien et
al. 1991, 1993). Acadian deformation propagated northwest-
wards in a retro-arc setting and lasted into the early Middle
Devonian (Willner et al. 2018).

The evolution of the D3 Acadian structures in the Meel-
paeg structure is consistent with this tectonic model. Post-
collision tectonic escape was shortly thereafter (≤412 Ma) fol-
lowed by Early Devonian Acadian bi-vergent oblique dextral
reverse movements along the CRFZ and BMFZ early during
D3, which culminated in final emplacement of the Meelpaeg
tectonites above the Windsor Point Group (terrestrial cover
on Dashwoods) rocks to the west (Dubé et al. 1996; Dubé and
Lauzière 1996), Devonian terrestrial sedimentary rocks of the
Billiards Brook Formation to the northwest (Chorlton 1980),
and Bay du Nord Group to the east (Figs. 1 and 10B; stages D
and E). The sandstones of the Billiards Brook Formation (Figs.
1; BF) contain Emsian to Eifelian plant fossils (Chorlton 1980)
and our investigations showed they were weakly folded and
cleaved during overthrusting by the Victoria Lake shear zone
in the northeastern reaches of the La Poile River (Fig. 1). The

Billiards Brook Formation is a correlative of a narrow belt
of largely undeformed Lower Devonian terrestrial sedimen-
tary rocks, which unconformably overlie Silurian red beds
and Ordovician rocks of the Notre Dame arc, immediately
west of the Beothuk Lake Line and Victoria Lake shear zone
(Chandler 1982; van Staal et al. 2005). Where undeformed,
the Devonian terrestrial rocks define the Acadian deforma-
tion front in central Newfoundland (van Staal and Zagorevski
2017; Willner et al. 2018). Progressive retrogression in the
metamorphic tectonites of the GBC and PABC where over-
printed by D3 shear zones is recorded by microstructures (see
above) and Early Devonian titanite and Ar ages (Figs. 2 and 8),
which attest to continuous exhumation of these rocks dur-
ing the Acadian oblique reverse and dextral strike–slip move-
ments, and F3 folding. Hence, D3 must have been accompa-
nied by significant denudation, the products of which are
probably preserved in the Early Devonian molasse basins that
are preserved in the belt of terrestrial Devonian rocks imme-
diately west of the Beothuk Lake Line and along the south-
east coast of Newfoundland in the Lower to Upper Devonian
red beds of the Fortune belt (Fig. 10A and 10B, Williams and
O’Brien 1995; van Staal et al. 2014b) near Belleoram, immedi-
ately southeast of the Dover–Hermitage fault that separates
the Gander margin from Avalonia (Fig. 1).

Promontory collision and formation of
the meelpaeg structure

Southwestern Newfoundland and nearby Cape Breton
Island (Lin and van Staal 1997; Lin 2001) preserve al-
lochthonous Salinic to Acadian amphibolite facies metamor-
phic tectonites, which are notably absent along strike else-
where in the Canadian and adjacent northern New Eng-
land Appalachians. This structural style coincides with the
outlines of promontories on the margins of Laurentia (St.
Lawrence promontory) and Ganderia (Cabot promontory)
in the Canadian Appalachians (Williams 1979) and were
attributed by Lin et al. (1994) and van Staal (1994) to a
promontory–promontory collision. Prolonged underthrust-
ing of the Cabot promontory beneath composite Laurentia
probably caused enhanced Salinic structural thickening and
exhumation compared to the collisional wedge along strike
in the adjacent reentrants. This inference is supported by
thermomechanical models (Koptev et al. 2019), which sug-
gest that uplift and exhumation rates are rapid and more
pronounced in areas where promontories are involved in col-
lision.

Do Salinic and Acadian orogenies
represent one continuous orogenic cycle
or two separate kinematic events?

Separation of Salinic and Acadian structures in Newfound-
land and the northern Appalachians in general is problem-
atic, since both orogenic cycles were diachronous, and may
have overlapped in time (van Staal et al. 2014a). The age con-
straints presented herein for the structural evolution of the
infra-structure of the Salinic and Acadian orogen of south-
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western Newfoundland highlight this problem since there is
little or no time gap between the end of the Salinic (419–
417 Ma) and post-collision deformation associated with the
inferred tectonic escape (417–412 Ma) (Figs. 8 and 10a), and
the onset of the Acadian (≤412 Ma). Hence, one could ar-
gue that Silurian Salinic orogenesis seamlessly transitioned
into Early Devonian Acadian orogenesis supporting the argu-
ments of earlier workers who argued they represent one con-
tinuous event based on classifying orogenies solely on time
(e.g., Murphy and Keppie 2005). If so, deformation of the tec-
tonites in the Meelpaeg structure should be driven by a con-
tinuing collision between the Gander margin and compos-
ite Laurentia into the Devonian. In such a scenario, the west-
directed CRFZ should represent a major retroshear (Fig. 10B).
However, thermo-mechanical modelling shows that retros-
hears and doubly vergent orogens typically develop during
prolonged subduction of relatively wide oceanic basins with
considerable slab pull, whereas closure of narrow basins such
as the Tetagouche–Exploits backarc (≤800 km, van Staal et
al. 2012) typically produces single vergent orogenic wedges,
slab detachment at shallow levels causing tectonic escape of
partially subducted continental crust, and an asthenospheric
window beneath the orogen (van Agtmaal et al. 2022), which
correspond better with the observed characteristics associ-
ated with the Salinic orogen (van Staal et al. 2014a; Wilson
et al. 2017). Hence, we do not support a kinematically contin-
uous ca. 70 my Salinic–Acadian orogenic cycle. Particularly,
the Silurian to Devonian arc magmatism on the Gander mar-
gin (van Staal and Barr 2012) supports the presence of Aca-
dian subduction independent of the convergence responsible
for the Salinic orogenesis (Fig. 10B). In addition, Early Devo-
nian dextral oblique movements are typically associated with
Acadian structures in the central part of the northern Ap-
palachians (e.g., Lafrance and Williams 1992; Hibbard 1994;
van Staal and de Roo 1995; Dubé et al. 1996), whereas the
Salinic orogeny in Newfoundland is generally characterized
by wide Salinic sinistral shear zones in the Gander margin,
which suggest that the obliquity of the responsible Salinic
convergence was sinistral rather than dextral (Hanmer 1981;
O’Brien et al. 1993; Holdsworth 1994; Piasecki 1995; Kellet et
al. 2016). Hence the switch from sinistral to dextral oblique
convergence during the Early Devonian as observed in south-
western Newfoundland is potentially a tool to separate struc-
tures formed during the Salinic and Acadian orogenies in the
central part of the northern Appalachians. However, as dis-
cussed above evidence suggests that there may have been co-
eval sinistral and dextral motions along each side of the Gan-
der margin for some time, particularly since dextral shear
may have started at the end of Rose Blanche magmatism in
mylonites of the BMFZ (Fig. 6B), thus potentially being active
during the inferred post-collision tectonic escape. The dura-
tion of the various strike–slip motions and when the Acadian
collision exactly started is still unresolved. Inversion of the
La Poile basin at ca. 419 Ma (O’Brien et al. 1991), previously
inferred to mark the onset of the Acadian collision(van Staal
and Barr 2012), may be a terminal Salinic (Fig. 8) rather than
an Acadian-related phenomenon consistent with the oldest-
known Acadian foreland basin clastic rocks on Avalonia in
southern Newfoundland, which are not older than Early De-

vonian (Fortune belt of Williams and O’Brien 1995; van Staal
et al. 2014b). An Early Devonian start of the Acadian orogeny
would avoid overlap in time between the last gasps of the
Salinic and onset of the Acadian. Alternatively, start of the
Acadian collision between Avalonia and the adjacent Gan-
der margin near the Silurian–Devonian boundary (ca. 419 Ma)
may have instigated the change in oblique convergence due
to subduction stepping back into the Rheic Ocean outboard
of Avalonia and producing dextral oblique convergence in the
upper plate (composite Laurentia of van Staal and Barr 2012)
early in the Devonian. Regardless, the bulk of the Acadian
orogeny in the central core of the northern Appalachians
was associated with dextral kinematics during the Early De-
vonian. Hence, the kinematic switch from sinistral to dextral
between Salinic and most Acadian structures in this part of
the orogen supports a separation in two different orogenies,
rather than combining them into one long-lasting orogeny
(Murphy and Keppie 2005).
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