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SUMMARY
The Birchy Complex of  the Baie Verte
Peninsula, northwestern Newfound-
land, comprises an assemblage of
mafic schist, ultramafic rocks, and
metasedimentary rocks that are struc-
turally sandwiched between overlying
ca. 490 Ma ophiolite massifs of  the
Baie Verte oceanic tract and underlying
metasedimentary rocks of  the Fleur de
Lys Supergroup of  the Appalachian
Humber margin. Birchy Complex gab-
bro yielded a Late Ediacaran U–Pb zir-
con ID–TIMS age of  558.3 ± 0.7 Ma,
whereas gabbro  and  an intermediate
tuffaceous schist yielded LA–ICPMS
concordia zircon ages of  564 ± 7.5 Ma
and 556 ± 4 Ma, respectively. These
ages overlap the last phase of  rift-relat-
ed magmatism observed along the
Humber margin of  the northern
Appalachians (565–550 Ma). The asso-

ciated ultramafic rocks were exhumed
by the Late Ediacaran and shed detri-
tus into the interleaved sedimentary
rocks. Psammite in the overlying Flat
Point Formation yielded a detrital zir-
con population typical of  the Laurent-
ian Humber margin in the northern
Appalachians. Age relationships and
characteristics of  the Birchy Complex
and adjacent Rattling Brook Group
suggest that the ultramafic rocks repre-
sent slices of  continental lithospheric
mantle exhumed onto the seafloor
shortly before or coeval with magmatic
accretion of  mid-ocean ridge basalt-
like mafic rocks. Hence, they represent
the remnants of  an ocean – continent
transition zone formed during hyperex-
tension of  the Humber margin prior to
establishment of  a mid-ocean ridge
farther outboard in the Iapetus Ocean.
We propose that microcontinents such
as Dashwoods and the Rattling Brook
Group formed as a hanging wall block
and an extensional crustal allochthon,
respectively, analogous to the isolation
of  the Briançonnais block during the
opening of  the Alpine Ligurian–
Piemonte and Valais oceanic seaways. 

SOMMAIRE
Le complexe de Birchy de la péninsule
de Baie Verte, dans le nord-ouest de
Terre-Neuve, est constitué d’un assem-
blage de schistes mafiques, de roches
ultramafiques et de métasédiments qui
sont coincés entre des massifs ophioli-
tiques d’ascendance océanique de la
Baie Verte au-dessus, et des métasédi-
ments du Supergroupe de Fleur de Lys
de la marge de Humber des Appa-
laches en-dessous.  Le complexe de
gabbro de Birchy a donné une datation
U-Pb sur zircon ID-TIMS correspon-
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dant à la fin de l’Édiacarien, soit 558,3
± 0,7 Ma, alors qu’un gabbro et un
schiste tufacé intermédiaire montrent
une datation LA-ICP-MS Concordia
sur zircon de 564 ± 7,5 Ma et 556 ± 4
Ma, respectivement.  Ces datations
chevauchent la dernière phase de mag-
matisme de rift observée le long de la
marge Humber des Appalaches du
Nord (565-550 Ma).  Les roches ultra-
mafiques associées ont été exhumées
vers la fin de l’Édiacarien et leurs
débris ont été imbriqués dans des
roches sédimentaires.  Les psammites
de la Formation de Flat Point sus-
jacente ont donné une population de
zircons détritiques typique de la marge
laurentienne de Humber des Appa-
laches du Nord.  Les relations chrono-
logiques et les caractéristiques du com-
plexe de Birchy et du groupe de Ratt-
ling Brook adjacent, permettent de
penser que ces roches ultramafiques
pourraient être des écailles de manteau
lithosphérique continental qui auraient
été exhumées sur le plancher océanique
peu avant ou en même temps que l’ac-
crétion magmatique de roches
mafiques basaltiques de type dorsale
médio-océanique.  Par conséquent,
elles seraient des vestiges d’une zone
de transition océan-continent formée
au cours de l’hyper-extension de la
marge de Humber avant l’apparition
d’une dorsale médio-océanique plus
loin au large dans l’océan Iapétus.
Nous proposons que des microconti-
nents comme de Dashwoods et du
groupe de Rattling Brook ont consti-
tués respectivement un bloc de toit et
un allochtone crustal d’extension, de la
même manière que le bloc Briançon-
nais a été isolé lors de l’ouverture des
bras océaniques alpins de Ligurie-Pié-
mont et de Valais.

INTRODUCTION
The timing and nature of  the opening
of  the Iapetus Ocean along the
Appalachian Humber margin of  Lau-
rentia (henceforth simplified to Hum-
ber margin) has been a contentious
issue for a considerable time. In partic-
ular, breakup-related magmatism along
the Humber margin spanned at least
200 my and appears to have involved
several distinct pulses (Cawood et al.
2001; Tollo et al. 2004; Burton and
Southworth 2010). The general con-
sensus is that only the last major mag-

matic pulse between 615 and 550 Ma is
related to opening of  the Iapetus
Ocean (Kamo et al. 1989; Cawood et
al. 2001). This is consistent with the
evidence for extensive Ediacaran nor-
mal faulting along the Humber margin
(e.g. O’Brien and van der Pluijm 2012)
and paleomagnetic evidence that sug-
gests Late Ediacaran (ca. 570 Ma) sepa-
ration of  eastern Laurentia from its
conjugate margin(s) (Cawood et al.
2001; McCausland et al. 2007). Howev-
er, rift-related magmatism continued
throughout the northern Appalachians
for another 20 my (to ca. 550 Ma;
Kumarapeli et al. 1989; Bédard and
Stevenson 1999; Cawood et al. 2001;
Hodych and Cox 2007; Burton and
Southworth 2010, and references
therein) and the thermal subsidence of
Laurentia’s (para)autochthonous rifted
margin took place at least 40–50 my
later (525–520 Ma; Bond et al. 1984;

Williams and Hiscott 1987; Cawood et
al. 2001; Waldron and van Staal 2001;
Hibbard et al. 2007). The apparent
conflict between paleomagnetic and
geological data posed a major conun-
drum and called into question models
of  late Neoproterozoic opening of
Iapetus. 

In this contribution, we will
discuss new ideas concerning the
opening of  Iapetus and the formation
of  peri-cratonic microcontinental
blocks in light of  our recent work on
the Baie Verte Peninsula of  northern
Newfoundland (Figs. 1, 2). We will first
present a brief  overview of  the previ-
ous models of  opening of  the Iapetus
Ocean and then discuss pertinent geo-
logical data from the Fleur de Lys
Supergroup, particularly the Birchy
Complex on the Baie Verte Peninsula
(Figs. 1, 2). The Birchy Complex has
ophiolitic affinities (Bursnall 1975;

Figure 1. Simplified Geology of  the Baie Verte Peninsula, northwestern New-
foundland (modified from Hibbard 1983 and Skulski et al. 2010). AAT: Annieop-
squotch Accretionary Tract; BVBL: Baie Verte – Brompton Line; DBL: Dog Bay
Line; DF: Dover Fault; GRUB: Gander River Untramafic Belt; HMT: Hungry
Mountain Thrust; RIL: Red Indian Line.
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Hibbard 1983), yet is closely associated
and locally interleaved with clastic
metasedimentary rocks typical of  other
units of  the Ediacaran – Lower
Ordovician Fleur de Lys Supergroup
(Fig. 2), notably the Flat Point Forma-
tion (Kennedy 1971; Hibbard 1983).
The Fleur de Lys Supergroup is gener-
ally considered to represent the more
oceanward, distal remnant of  the Lau-
rentian Humber margin (Fig. 3), based
on well-established lithological linkages
(e.g. the presence of  marble and mar-
ble breccia derived from the Humber
platform) with the autochthonous, less
deformed and metamorphosed parts
of  this margin (Bursnall and de Wit
1975; Williams 1977; Hibbard 1983;
Hibbard et al. 1995; Cawood et al.
2001). We will mainly use new
geochronological and geochemical data
as evidence that the Birchy Complex
and associated rocks of  the adjacent
Fleur de Lys Supergroup formed dur-
ing hyperextension of  the Humber
margin in Newfoundland.

EXISTING MODELS CONCERNING
THE TIME AND NATURE OF THE
OPENING OF IAPETUS
Most modern models of  the opening
of  the Iapetus Ocean are focussed on
reconciling the discrepancy between
the paleomagnetic and geological data.
Typically, a two-stage rift-drift model is
invoked. The first rift-drift event sug-
gested by paleomagnetic data occurred
between 590 and 570 Ma and resulted
in the opening of  Iapetus.  The second
break-up event, which led to the rift-
drift transition on the Humber margin,
between 540 and 530 Ma, was related
to departure of  a ribbon-shaped
microcontinent, referred to as Dash-
woods in the northern Appalachians
(Cawood et al. 2001; Waldron and van
Staal 2001; Allen et al. 2010). The sep-
aration of  Dashwoods led to opening
of  the relatively narrow Taconic sea-
way (Hibbard et al. 2007; van Staal et
al. 2007). 

The 570–550 Ma magmatic
rocks related to the second rift event
generally range in composition from
within-plate basalts to mid-ocean ridge
basalt (MORB); the volcanic rocks are
interleaved with continental margin-
derived rift-stage clastic sediments
(Bédard and Stevenson 1999; Hodych
and Cox 2007). In addition, rift-related

Figure 2. Geology of  the main body of  Birchy Complex and adjacent units near
the town of  Baie Verte. The ca. 483 Ma U–Pb zircon age date is from V. McNicoll,
(pers. comm.).
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Figure 3. Schematic interpretation of  the tectonic setting of  units of  the Fleur de
Lys Supergroup in the Baie Verte Peninsula as proposed by Hibbard (1988), before
the U–Pb zircon ages of  the Birchy Complex were known.
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magmatism included rhyolite, granite
(Tollo et al. 2004) and tonalite
(Cawood et al. 2001) along the length
of  the Northern Appalachians. This
magmatism supports the existence of  a
latest Ediacaran and/or Early Cambri-
an rift-drift event. Other models call
upon true polar wander to explain the
apparent conflict between the paleo-
magnetic and geological datasets
(Hodych and Cox 2007; Mitchell et al.
2011). This approach is anchored on
the inference of  a large, long-lived
(615–550 Ma) mantle plume centred
on southern Quebec (Puffer 2002).
However, as pointed out by Burton
and Southworth (2010), the broad age
span and non-systematic geographical
distribution of  this phase of  magma-
tism is not readily accommodated by
the plume model.

The multiple rift model is
viable, but is difficult to test and verify,
because geological evidence for the
first rift-drift event has not been identi-
fied. This rifting event should be
recorded most extensively in the out-
board Dashwoods ribbon (van Staal et
al. 2007). However, with the exception
of  inherited Late Neoproterozoic zir-
cons in Ordovician Notre Dame arc
plutonic rocks (van Staal et al. 2007),
evidence for such an event is com-
pletely masked by Early Paleozoic
deformation, metamorphism and mag-
matism. In addition, the tectonic mech-
anism that caused the rifting-off  of  a
continental ribbon like Dashwoods
after Iapetus had already opened and
was undergoing active spreading
remains enigmatic. Potential mecha-
nisms do exist, but generally involve
ridge jumps and cessation of  spreading
along the old ridge (e.g. Yamasaki and
Gernigon 2010), rather than the for-
mation of  two spreading centers that
were active at the same time (cf. Bur-
ton and Southworth 2010). An alterna-
tive model involving protracted hyper-
extension of  the Humber margin simi-
lar to the margins along the Alpine
Tethys Ocean (Manatschal et al. 2006;
Manatschal and Müntener 2009; Mohn
et al. 2010) has not been previously
explored but forms a viable solution to
these seemingly conflicting datasets.

FLEUR DE LYS SUPERGROUP
The Fleur de Lys Supergroup compris-
es several groups of  dominantly meta-

clastic psammitic and pelitic schist (see
Figs. 1, 3), and some units dominated
by mafic schist. These groups are gen-
erally considered, at least in part, to be
coeval (Hibbard 1983; Hibbard et al.
1995), Ediacaran to Early Ordovician
rocks deposited on or near the Hum-
ber margin (Fig. 3). The Rattling Brook
Group and the Birchy Complex of  the
Fleur de Lys Supergroup were consid-
ered by Hibbard et al. (1995) to be the
most oceanward (distal) remnants of
the Humber margin. As both of  these
units contain ultramafic slivers, they are
key to understanding the nature of  the
ocean – continent transition in the
Iapetus Ocean.  

The Birchy Complex 
The Birchy Complex (Hibbard 1983)
occurs in the immediate structural
footwall of  the ca. 490 Ma supra-sub-
duction zone ophiolites (Figs. 1, 2;
Hibbard 1983; Dunning and Krogh
1985; Cawood et al. 1996; Bédard et al.
2000; Skulski et al. 2010) of  the Baie
Verte oceanic tract (van Staal et al.
2007). The Birchy Complex comprises
highly strained and metamorphosed
polyphase-folded mafic schists (Fig.
4E, F) that are locally interlayered with
psammite, graphitic pelite, calc-silicate,
coticule, jasper and ultramafic rocks
(Figs. 2, 4), and forms a steeply dip-
ping, thin (ca. 1.0 – 2.5 km) structural
unit. 

The ultramafic rocks in the
Birchy Complex vary from brecciated
talc- and/or tremolite- bearing serpen-
tinite, to listwanite (Fig. 4C) and bright
green fuchsite – actinolite/tremolite
schist. They principally occur as metre-
to decimetre-scale lenses in highly
deformed graphite-bearing mica schist
and other metasedimentary rocks (Fig.
4B). Notably, prominent bodies of
bright green fuchsite –
actinolite/tremolite schist, which prob-
ably represent metamorphosed
chromite-bearing pyroxenite and/or
websterite bodies (see below), stand
out and outline highly boudinaged and
isoclinally folded horizons within the
graphitic schist. Metasedimentary rocks
locally contain detrital chromite, sug-
gesting that they were in part derived
from the ultramafic rocks. The pro-
toliths of  the mafic schists include
metagabbro (Fig. 4B), lava, and pyro-
clastic and/or epiclastic rocks (Fig.4E;

Hibbard 1983). No positive evidence
for pillow structures has been identi-
fied, but the mafic schists locally
include small lenses of  jasper and epi-
dosite (Fig. 4D) and are interlayered
with coticule (Fig. 4F), suggesting that
the schists represent highly deformed
and metamorphosed submarine flows
and/or high-level sills. Detailed struc-
tural mapping by Kennedy (1971),
Bursnall (1975) and Hibbard (1983)
indicates that the contact between the
Birchy Complex and sedimentary rocks
of  the Fleur de Lys Supergroup (i.e.
Flat Point Formation) is generally con-
formable and shows little or no evi-
dence for accommodating enhanced
shear strain (Figs. 2, 3). 

Mafic and Ultramafic Rocks in the
Rattling Brook Group 
A narrow, discontinuous, linear belt of
strongly metamorphosed Alpine-type
ultramafic rocks (Bursnall 1975), inter-
leaved with psammite and graphitic
pelite and also associated with small
lenses of  amphibolite, occurs near the
western boundary of  the Rattling
Brook Group in the northwestern part
of  the Baie Verte Peninsula (Fig. 2;
Kennedy 1971; Hibbard 1983). These
ultramafic rocks are associated with a
major D1 shear zone that was complex-
ly refolded by tight to isoclinal F2 folds
(Kennedy 1971), which precludes kine-
matic analysis. This shear zone was
previously referred to as the Bishie
Cove slide (Fig. 2; Kennedy 1971),
which we interpret as an early thrust
that emplaced the Rattling Brook
Group above correlative rocks in the
Old House Cove Group (Figs. 2, 3;
Kennedy 1971; Hibbard 1983). In
addition to the presence of  slivers of
ultramafic tectonite, a thrust origin is
consistent with the association of  D1
fabrics with local truncation of
tectonostratigraphy in its footwall
along strike (Hibbard 1983) and rela-
tively high pressure (>10 kb) Taconic
metamorphic assemblages (Kennedy
1971; Castonguay et al. 2010; Willner
et al. 2012), suggesting that they
formed during subduction. The ultra-
mafic rocks adjacent to the Bishie
Cove thrust commonly have been
metamorphosed to soapstone, carbon-
ate-bearing serpentinite and talc –
tremolite – carbonate-bearing ultramaf-
ic schists. Graphitic schist hosts ultra-



98

mafic rocks in both the Rattling Brook
Group and Birchy Complex (Hibbard
1983), suggesting that they are correla-
tive. 

Existing Tectonic Interpretation of
the Birchy Complex, Rattling Brook
Group and Related Rocks
Correlatives of  the Birchy Complex
occur in the Mings Bight Group (e.g.
Pelée Point schist; Fig. 1), which, like
the Rattling Brook Group, is also dom-
inated by meta-clastic rocks of  the
Fleur de Lys Supergroup (Hibbard
1983). The close spatial relationships
between metasedimentary rocks of  the
Fleur de Lys Supergroup and ultramaf-
ic and mafic rocks of  supposedly
oceanic character in the Birchy Com-
plex, the Mings Bight Group and Rat-

tling Brook Group, led Hibbard (1988)
to hypothesize that some of  the sedi-
mentary rocks in the Fleur de Lys
Supergroups were deposited on ocean-
ic lithosphere situated adjacent to the
Humber margin; that is, the Fleur de
Lys Supergroup overstepped the ocean
– continent transition zone (Fig. 3). If
a stratigraphic relationship between
sedimentary rocks of  the Fleur de Lys
Supergroup (Flat Point Formation) and
Birchy Complex is correct, the latter
should represent ocean – continent
transition lithosphere and/or juvenile
oceanic lithosphere formed near this
zone. 

The contrasting association of
ultramafic and sedimentary rocks and
the highly dismembered tectonic char-
acter led to the suggestion that the

Birchy Complex and correlatives repre-
sent zones of  tectonic mélange that
accommodated the initial stages of
Early to Middle Ordovician obduction
of  the Baie Verte oceanic tract ophio-
lites onto the Humber margin (Bursnall
1975; Williams 1977; Hibbard et al.
1995). Although such a kinematic
model is consistent with Middle
Ordovician (Taconic, ca. 465 Ma)
40Ar/39Ar ages of  muscovite and horn-
blende in the Birchy Complex mafic
schists (van Staal et al. 2009a; Cas-
tonguay et al. 2010), metamorphic
studies reveal that the Birchy Complex
was buried to significantly greater
depths (≥10 kb) during the Taconic
than the structurally overlying Baie
Verte oceanic tract (≤7 kb; Willner et
al. 2012). Their present tectonic juxta-
position therefore took place subse-
quent to peak-Taconic burial metamor-
phism.

U–PB ZIRCON AGES OF THE
BIRCHY COMPLEX AND FLAT POINT
FORMATION
To test Hibbard’s (1988) hypothesis
and constrain the age of  the Birchy
Complex, U–Pb geochronology of
metagabbro and a tuffaceous schist of
intermediate composition from the
Birchy Complex were conducted by
both the isotope dilution thermal ion-
ization mass spectrometry (ID–TIMS)
and laser-ablation inductively coupled
plasma mass spectrometry
(LA–ICPMS) techniques. Detrital zir-
con analyses from a Flat Point Forma-
tion psammite, sampled adjacent to the
Birchy Complex on the shore of
Coachman’s Harbour (Fig. 2) were also
undertaken by LA–ICPMS.

Analytical Methods
U–Pb ID–TIMS analyses were con-
ducted at the Geochronology Labora-
tory at the Geological Survey of  Cana-
da, Ottawa. Heavy minerals were con-
centrated from the rock sample using
standard crushing, grinding, and sepa-
ration on a Wilfley table and by heavy
liquid techniques. Mineral separates
were sorted by magnetic susceptibility
using a FrantzTM isodynamic separator
and zircon grains were hand-picked
and grouped on the basis of  crystal
morphology and quality using a binoc-
ular microscope. All zircon fractions
analyzed were strongly air abraded

Figure 4. Representative photographs of  the tectonites present in the Birchy Com-
plex. A. Contact between mafic schist (right) and serpentinite (left) in Birchy Com-
plex along shore east of  Coachman’s Cove. B. Slivers of  tightly folded (F2) actino-
lite/tremolite-fuchsite schist in broken-up dark metapelite and psammite. C. Brec-
ciated serpentinite and listwanite. D. Complexly folded (F2 and F3) mafic schist with
lenses of  jasper and epidosite. E. F3 fold in ca. 556 Ma intermediate tuff. F. Com-
plexly folded (F1 and F2) coticule layers in mafic schist.
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(Krogh 1982). U–Pb ID–TIMS
techniques utilized in this study
are modified after Parrish et al.
(1987), with treatment of  ana-
lytical errors following Roddick
(1987). U–Pb ID–TIMS analyt-
ical results are presented in
Table 1 and displayed in a con-
cordia plot (Figure 5A). The
concordia diagram was pro-
duced and concordia age was
calculated, with decay-constant
errors included, using Isoplot
v. 3.00 (Ludwig 2003).

Zircons for the
LA–ICPMS analyses were sep-
arated from the crushed sam-
ples by conventional means at
the Department of  Geology,
Trinity College Dublin, Ireland.
The sub-300 µm fraction was
processed using a Gemeni
(Rogers) mineral separation
table, and then the heavy frac-
tion was passed through a
Frantz magnetic separator at 1
A.  The non-paramagnetic por-
tion was then placed in a filter
funnel with di-iodomethane
and the resulting heavy fraction
passed again through the
Frantz magnetic separator at
full current. All zircons were
then hand picked in ethanol
using a binocular microscope,
mounted in a 25 mm epoxy
resin disk, and polished to
reveal their grain interiors.
The mounts were gold-coated
and imaged using an FEI
Quanta 400 SEM equipped
with a solid-state, twin-segment
BSE detector at the Micro-
Analysis Facility at Memorial
University, Newfoundland
(MUN). A cathodolumines-
cence probe was used to image
internal structures, over-
growths and zonation (Fig. 6
A, B, C).

Isotopic data were
obtained by LA–ICPMS at the
MicroAnalysis Facility at
Memorial University, New-
foundland and closely follow
the procedures outlined in Pol-
lock et al. (2009). Zircons were
ablated in situ using a Lambda
Physik COMPexPro 110 ArF
excimer laser operating at a

deep UV wavelength of  193 nm and a
pulse width of  20 ns. A 10 µm laser
beam was delivered to the sample sur-
face and fired at a 10 Hz repetition
rate using an energy density of  3 Jcm-2.
During ablation the sample was
mounted in a sealed sample chamber
and moved beneath the laser to pro-
duce a square 40 µm × 40 µm pit, to
minimize the depth of  ablation and
reduce laser-induced elemental frac-
tionation at the ablation site. The ablat-
ed sample was flushed from the sample
cell and transported to the ICPMS sys-
tem using a helium carrier gas (Q = 1.3
l/min), which reduces sample redepo-
sition and elemental fractionation while
increasing sensitivity for deep UV abla-
tion. Mercury was filtered from the
helium using gold-coated glass wool
placed in the carrier gas line feeding
the ablation cell. All analyses were per-
formed by high-resolution ICPMS on a
Finnigan Element XR system equipped
with a dual-mode secondary electron
multiplier operating in both counting
and analogue modes. Data were col-
lected using a 30 s measurement of  the
gas background before activation of
the laser followed by 180 s of  meas-
urement with the laser on and zircon
being ablated. The U and Pb isotopic
ratios from the zircon were acquired
along with a mixed 203Tl–205Tl–209Bi–
233U–237Np tracer solution (concentra-
tion of  10 ppb each) that was nebu-
lized simultaneously with the ablated
solid sample. Aspiration of  the tracer
solution allowed for a real-time instru-
ment mass bias correction using the
known isotopic ratios of  the tracer
solution measured while the sample
was ablated; this technique is largely
independent of  matrix effects that can
variably influence measured isotopic
ratios and hence the resulting ages
(Košler and Sylvester 2003). 

Raw data for 207Pb, 206Pb, 204Pb
and 238U were reduced using the macro-
based spreadsheet program LAM-
DATE (Košler et al. 2008). The
207Pb/206Pb, 206Pb/238U and 207Pb/235U
ratios were calculated and blank cor-
rected for each analysis. Laser-induced
U/Pb fractionation was typically less
than 0.05% per a.m.u. based on repeat
measurements of  the 206Pb/238U ratio of
the reference standards. This fractiona-
tion was corrected using the intercept
method of  Sylvester and GhaderiT
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(1997). For each analysis, time-resolved
signals were inspected to ensure that
only stable flat signal intervals were
used in the age calculation. Measured
207Pb/206Pb ratios were not intercept-
corrected; instead, the average ratio of
the ablation interval selected for the
age calculation was used. Analyses
were rejected from the final dataset
where the 207Pb/206Pb ratio calculated
from the intercept-corrected 206Pb/238U
and 207Pb/235U ratios did not fall within
the 1σ uncertainty of  the measured
average 206Pb/207Pb ratio. Analyses that
fell more than 5% above the
206Pb/238U–207Pb/235U concordia were
also rejected. These two conservative
filters ensured that any analyses that
may have not been properly corrected
for laser-induced U/Pb fractionation
were eliminated from further consider-
ation. High instrumental Hg back-
grounds prohibited accurate measure-
ment of  204Pb. Thus, in the few analy-
ses where 204Pb was detected above
background, the analysis was simply
rejected from the dataset rather than
attempting common Pb corrections. 

Accuracy and reproducibility
of  U–Pb analyses in the MUN labora-
tory are routinely monitored by meas-
urements of  natural zircon standards
of  known U–Pb ID–TIMS age. To
monitor the efficiency of  mass bias
and laser-induced fractionation correc-
tions, standard reference materials
91500 zircon (1065 ± 3 Ma; Wieden-
beck et al. 1995) and Plešovice zircon
(337.13 ± 0.37 Ma; Sláma et al. 2008)
were analysed in this study before and
after every eight unknowns. Age deter-
minations were calculated using the U
decay constants and the present-day
238U/235U ratio of  137.88 of  Jaffey et al.
(1971). Final ages and concordia dia-
grams were produced using the Iso-
plot/Ex macro (Ludwig 2003). Analyti-
cal data are listed in Table 2 and illus-
trated graphically in Fig. 6.  The con-
cordia ages for all analyses of  91500
and Plešovice zircon performed over
the course of  this study were 1066.7 ±
5.3 Ma (n = 77) and 337.7 ± 2.2 Ma (n
= 52), respectively (95% confidence
interval, with decay-constant errors
included).

Birchy Complex Metagabbro
Metagabbro constitutes a significant
component of  the Birchy Complex

Figure 5. A. Concordia diagram with U–Pb ID–TIMS zircon analyses from the
Birchy Complex metagabbro. B. Gabbro was sampled in a low strain pod where
original igneous texture is locally preserved. 

Figure 6. A. Representative cathodoluminescence image of  a zircon grain from
sample DC 09/08-30. B, C. Representative cathodoluminescence images of  zircon
grains from sample DC 09/08-41. D. Concordia diagram for metagabbro sample
DC 09/08-30 (LA–ICPMS). E. Concordia diagram for tuffaceous intermediate
schist sample DC 09/08-41 (LA–ICPMS, U–Pb zircon). F. Weighted mean of  the
206Pb/238U ages for zircon from the tuffaceous schist (DC 09/08-41; LA–ICPMS).
G. Relative probability plot for detrital zircon analyses in Flat Point Formation
psammite (sample DC 09/08-34; LA–ICPMS).
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mafic schists in Coachman’s Harbour
(Fig. 4A). The strain is heterogeneous
and low-strain pods locally preserve
primary igneous subophitic textures
that are pseudomorphed by green-
schist to albite – amphibolite facies
mineral assemblages (Fig. 5B). Two
samples of  metagabbro were collected
in Coachman’s Harbour (Fig. 2).  They
comprise a relatively weakly strained,
coarse-grained leucogabbro pod
described in detail in Hibbard (1983,
p. 49) (SNB-06-017; Fig. 5) and the
enveloping schistose metagabbro (DC
09/08-30; Fig. 6). The low-strain
leucogabbro (sample SNB-06-017,
z9251) yielded abundant high quality
zircon grains (100 to 200 µm) includ-
ing delicate elongate crystals, prismatic
grains, and flat, tabular fragments. Six
single-grain and multigrain fractions
were analyzed using U–Pb ID–TIMS.
All six analyses overlap on concordia
and each other (Table 1; Figure 4A)
and yield a weighted average 206Pb/238U
age of  558.0 ± 0.5 Ma (mean square
weighted deviation (MSWD) = 0.73;
probability of  fit = 0.60). A concordia
age, with decay-constant errors includ-
ed, is calculated to be 558.3 ± 0.7 Ma
(MSWD of  concordance and equiva-
lence = 1.5, probability = 0.14, n = 6).
The age of  558.3 ± 0.7 Ma (Fig. 5A)
is interpreted to be the crystallization
age of  the Birchy Complex leucogab-
bro.

The schistose metagabbro
(DC 09/08-30) yielded a homogenous
population of  short prismatic zircons
up to 100 μm.  Cathodoluminescence
imaging revealed homogenous grain
interiors or oscillatory idiomorphic
growth zoning (e.g. Fig. 6A) and com-
mon very thin (< 10 μm) low U rims.
LA–ICPMS analysis of  the cores of
fourteen zircon grains yielded a con-
cordia age of  563.9 ± 7.5 Ma (MSWD
= 0.89; Fig. 6D), interpreted to repre-
sent the crystallization age of  the
metagabbro. This age is within analyti-
cal uncertainty of  the ID–TIMS
U–Pb zircon age.

Tuffaceous Schist
The Birchy Complex mafic to inter-
mediate schist was sampled along the
coast ca. 1 km south of  Coachman’s
Harbour. The sampled locality is char-
acterized by a thin, brown-weathering,
tuffaceous schist of  mafic to interme-T
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diate composition (DC09/08-41) cut
by gabbroic sheets (Fig. 4E).  The zir-
con population comprises small
(between 75–150 μm in diameter),
stubby prismatic zircons, with aspect
ratios between 1.5 and 3.0.  The grains
typically exhibited only minor round-
ing, but were commonly fractured.
Cathodoluminescence imaging revealed
predominantly homogenous grain inte-
riors (Fig. 6B) displaying local oscillato-
ry idiomorphic growth zoning (e.g. Fig.
6C). LA–ICPMS analysis of  51 spots
on separate grains yielded a concordia
age of  556.3 ± 3.6 Ma and a weighted
mean 206Pb/238U age of  556.4 ± 3.5 Ma
(MSWD = 0.61; Fig. 6E, F).  This is
within analytical uncertainty of  the
ID–TIMS and LA–ICPMS U–Pb zir-
con ages of  the intrusive metagabbros,
suggesting that all mafic to intermedi-
ate schists of  the Birchy Complex are
consanguineous and have a Late Edi-
acaran age of  ca. 558 Ma.

Flat Point Formation Psammite
The Flat Point Formation was formerly
included with the Rattling Brook
Group, but following Kennedy (1971)
is interpreted as a stratigraphic cover to
the Birchy Complex.  A psammite of
the Flat Point Formation (DC 09/08-
34) was sampled for U–Pb detrital zir-
con analysis.  In general, most of  the
detrital zircons analyzed (Fig. 6G) yield
Mesoproterozoic ages (1.0 – 1.5 Ga),
and display a prominent Grenvillian
peak typical of  the Laurentian base-
ment widely exposed in the Grenville
province of  southern Labrador and
unconformably underlying parts of  the
Humber margin in western Newfound-
land (Heaman et al. 2002; Gower et al.
2008). Smaller Paleoproterozoic (1.8 –
2.0 Ga) and Neoarchean (2.4 – 3.0 Ga)
peaks are also consistent with a proxi-
mal Laurentian provenance. The
youngest detrital zircon yielded a U–Pb
concordia age of  990 ± 52 Ma. 

Metamorphosed correlatives
of  the Fleur de Lys rocks in west-cen-
tral Newfoundland (Hibbard 1988)
yield a very similar Precambrian age
distribution that corresponds closely to
those measured by Cawood and Nem-
chin (2001).

GEOCHEMISTRY OF THE BIRCHY
SCHIST

Analytical Methods
Mafic and ultramafic rocks prefaced by
DC were analyzed for major oxides
and trace elements by X-ray fluores-
cence (XRF) spectroscopy using a
Phillips PW 1400 at the Centre
d’Analyses Minérale, University of
Lausanne, Switzerland (Table 3).  Sam-
ples were fused with lithium borate
and analysed for their major, trace ele-
ment and rare-earth element concen-
trations by inductively coupled plasma
optical emission spectrometry
(ICPOES) and ICPMS (Thermo X-
Series) at OMAC Laboratories, County
Galway, Ireland. Where there are both
ICP and XRF data for the same ele-
ment, the ICP data are generally pre-
ferred, particularly for elements with
low abundances such as U, Pb, Th, Ba,
and the rare-earth elements (REEs)
(Table 3).  Samples prefaced by SNB
were fused with lithium borate and
analysed for their major, trace element
and rare-earth element concentrations
by ICPOES and ICPMS at Activation
Laboratories in Ancaster, Ontario
(Table 4).

A subset of  samples was
selected for Nd isotopic analysis utiliz-
ing a Thermo – Finnigan Triton T1
thermal ionization mass spectrometer
at Carleton University, Ottawa, Ontario
(Table 5). REE fractions were dis-
solved in 0.26N HCl and loaded onto
Eichrom Ln Resin chromatographic
columns containing Teflon powder
coated with HDEHP (di(2-ethylhexyl)
orthophosphoric acid; Richard et al.
1976). Nd was eluted using 0.26N HCl,
followed by Sm in 0.5N HCl. Total
procedural blanks for Nd are < 50
picograms, and < 6 picograms for Sm.
Samples were spiked with a
mixed 148Nd–149Sm spike prior to disso-
lution. Concentrations are precise to
+/- 1%, while 147Sm/144Nd ratios are
reproducible to 0.5%. Samples were
loaded with H3PO4 on one side of  a
Re double filament, and run at temper-
atures of  1700–1800° C. Isotope
ratios are normalized to 146Nd/144Nd =
0.72190. Analyses of  the USGS stan-
dard BCR-1 yield Nd = 29.02 ppm, Sm
= 6.68 ppm, and 143Nd/144Nd =
0.512668 +/- 20 (n=4). The interna-
tional La Jolla standard

yielded 143Nd/144Nd = 0.511847 +/- 7,
n = 26 (February 2005 – June 2007).
Internal lab Nd standard yielded
0.511819 +/- 10 n = 94 (February
2005 – August 2009) and 0.511823 +/-
12 n = 65 (October 2010 – July 2012).

Birchy Complex Mafic Rocks
Hibbard (1983) determined that mafic
rocks of  the Birchy Complex are
tholeiitic (Fig. 7A) and have a strong
affinity with MORB. Although there is
an apparent overlap with mafic rocks
in the structurally overlying Baie Verte
oceanic tract (BVOT), Hibbard (1983)
observed that the Birchy Complex
greenschists are commonly slightly
enriched in TiO2 compared to the adja-
cent BVOT rocks of  the Advocate
Complex. Overall, analysis of  the
Birchy Complex mafic rocks confirms
the observations of  Hibbard (1983).
Two geochemical suites of  mafic rocks
can be readily identified on the basis of
major and trace element data. All mafic
rocks have relatively flat rare-earth ele-
ment patterns on a MORB-normalised
diagram, but the first suite (metagab-
bro) is characterized by lower TiO2, Zr
depletion and Eu enrichment on a
MORB-normalized profile (Fig. 7B).
The second suite, consisting of  typical-
ly fine-grained mafic rocks interpreted
as metabasalt, is characterized by high-
er TiO2, small to negligible Nb and La
anomalies, and enrichment of  Th rela-
tive to Nb (Fig. 7B). Both suites plot in
the MORB field adjacent to the field
of  backarc basin basalt on a La–Y–Nb
tectonic discrimination diagram (Fig.
7C). Sm–Nd isotopic analyses yielded
εNd values of  +7.4 and +7.2 respec-
tively (Fig. 8).

Birchy Complex Intermediate Tuff
A sample of  intermediate tuffaceous
schist plots in the dacite – rhyolite field
on a Zr/Ti vs. Nb/Y diagram (Fig.
7A). The sample is characterized by
slight light REE enrichment, positive
Zr and Hf  anomalies, and negative Eu
and Ti anomalies (Fig. 7B). Similar to
the mafic rocks, the intermediate tuff
lacks prominent La and Nb anomalies
but has a strong Th enrichment. It
plots in the ocean ridge granite field on
granitoid tectonic discrimination plots
of  Pearce et al. (1984; not shown).
Sm–Nd isotopic analysis of  the tuff
yielded εNd value of  +7.5 (Fig. 8). 
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Table 3. Whole rock geochemical data (major, trace and rare earth elements) for the Birchy Complex (samples prefaced by
DC). ICP and XRF data are provided for the each sample. See text for methods used.
Sample DC 09/08/21 DC 09/08/22 DC 09/08/23 DC 09/08/24 DC 09/08/25 DC 09/08/26 DC 09/08/27 DC 09/08/29 DC 09/08/30 CD 09/08/31
Description metabasalt metabasalt coticule serpentinite serpentinite metabasalt metabasalt metabasalt metabasalt metabasalt
Symbol1 1 1 NP 3 3 2 2 2 2 1
Latitude 50.05297 50.05067 50.05002 50.04832 50.04852 50.05017 50.05018 50.05001 50.04999 50.05061
Longitude -56.09827 -56.10709 -56.10681 -56.10826 -56.10816 -56.11256 -56.11231 -56.11176 -56.11186 -56.11373

ICP-OES, ICP-MS
SiO2 (wt%) 48.18 43.76 43.66 55.76 36.87 48.47 49.97 48.51 49.51 47.33
Al2O3 13.08 13.88 8.92 1.64 1.21 12.75 14.88 16.15 16.80 13.26
CaO 10.57 8.08 2.75 12.52 1.20 11.84 11.85 10.83 11.48 8.85
Cr2O3 0.01 0.03 0.00 0.24 0.34 0.03 0.05 0.03 0.04 0.01
Fe2O3 15.26 15.59 27.96 5.18 7.50 10.87 9.52 9.59 7.82 16.41
K2O 0.01 0.58 1.77 0.38 0.05 0.07 0.09 0.07 0.07 0.14
MgO 7.08 7.57 2.74 21.49 38.16 9.47 8.17 6.97 6.67 6.43
MnO 0.24 0.21 5.21 0.16 0.08 0.18 0.18 0.15 0.14 0.22
Na2O 1.17 2.94 0.60 0.85 1.09 3.55 4.59 4.82 4.91 4.00
P2O5 0.20 0.17 0.17 <0.01 0.03 0.03 0.05 0.08 0.08 0.30
TiO2 1.88 1.96 0.54 0.01 <0.01 0.71 0.75 0.98 0.64 2.52
LOI (1000ºC) 2.91 3.16 4.74 2.21 12.82 2.33 2.46 2.23 1.95 2.80
Ba (ppm) 4.92 26.40 238.54 50.60 0.92 4.45 6.58 4.29 5.30 8.31
Ce 13.62 14.63 453.70 0.66 <0.5 4.00 4.26 6.01 4.80 22.52
Dy 6.33 6.76 13.05 <0.1 <0.1 2.82 2.81 3.75 2.66 9.35
Er 4.34 4.45 6.58 <0.1 <0.1 1.94 1.87 2.55 1.76 6.26
Eu 1.41 1.54 3.19 <0.1 <0.1 0.70 0.70 0.92 0.69 2.06
Ga 18.90 18.95 12.88 3.40 2.08 14.70 14.44 14.83 14.44 19.77
Gd 5.05 5.60 18.88 <0.1 <0.1 2.12 2.11 2.92 2.05 7.99
Hf 2.33 2.84 2.66 <1 <1 <1 <1 1.11 <1 4.46
Ho 1.46 1.51 2.46 <0.1 <0.1 0.65 0.63 0.87 0.59 2.12
La 5.02 5.15 105.19 <0.5 <0.5 1.30 1.47 2.10 1.66 7.81
Lu 0.68 0.64 0.79 <0.1 <0.1 0.30 0.28 0.36 0.27 0.97
Nb 3.98 4.04 7.88 <0.5 <0.5 1.13 1.22 1.75 1.25 6.38
Nd 11.40 12.46 98.68 <0.5 <0.5 3.88 4.10 5.51 4.28 18.88
Pr 2.19 2.39 25.98 <0.1 <0.1 0.69 0.73 1.01 0.80 3.72
Rb <0.5 14.39 119.61 7.05 <0.5 <0.5 <0.5 <0.5 <0.5 0.65
Sc 51.94 51.42 24.74 4.13 9.38 53.09 51.34 49.60 40.71 51.21
Sm 3.83 4.39 20.28 <0.1 <0.1 1.60 1.54 2.06 1.57 6.29
Sn <1 1.36 1.61 <1 <1 <1 <1 <1 <1 <1
Sr 145.85 118.34 200.81 6.90 13.29 94.22 100.44 108.54 123.54 96.59
Ta 0.22 0.24 0.55 0.12 <0.1 0.13 0.12 0.24 0.13 0.42
Tb 1.00 1.07 2.69 <0.1 <0.1 0.43 0.42 0.57 0.41 1.48
Th 0.47 0.34 18.95 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.52
Tm 0.66 0.67 0.88 <0.1 <0.1 0.28 0.28 0.39 0.26 1.00
U 0.20 0.17 1.08 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.20
V 434.67 409.89 360.84 30.78 33.60 265.20 257.02 265.32 193.38 499.80
W 5.10 3.63 1.65 <0.5 11.30 8.57 4.85 5.14 19.22 1.33
Y 42.08 42.83 59.60 0.62 <0.5 17.81 17.45 23.99 17.31 63.14
Yb 4.23 4.40 5.35 <0.1 <0.1 1.91 1.79 2.45 1.78 6.26
Zr 83.08 100.28 121.37 5.71 2.54 25.45 33.17 39.87 31.52 172.68

XRF
SiO2 (wt%) 48.81 45.70 45.33 57.17 39.33 50.01 50.46 50.01 51.50 47.67
TiO2 1.90 2.07 0.59 0.01 0.02 0.74 0.76 0.99 0.66 2.49
Al2O3 13.05 14.33 9.33 1.84 1.44 12.91 14.79 16.29 16.88 13.03
Fe2O3 14.50 15.52 27.26 4.86 7.38 10.67 8.94 9.30 7.81 16.00
MnO 0.24 0.22 5.54 0.17 0.09 0.20 0.19 0.17 0.16 0.24
MgO 7.01 7.58 2.67 21.13 37.64 9.60 8.15 7.25 6.64 6.31
CaO 10.24 8.20 2.83 12.60 1.21 11.78 11.70 11.04 11.48 8.66
Na2O 1.13 2.73 0.15 0.00 0.00 2.00 2.75 2.98 3.27 2.38
K2O 0.03 0.60 1.79 0.34 0.00 0.04 0.05 0.04 0.04 0.09
P2O5 0.18 0.18 0.18 0.01 0.01 0.05 0.06 0.09 0.06 0.29
LOI 2.66 2.80 3.43 2.00 12.42 2.04 2.09 1.98 1.77 2.54
Cr2O3 0.02 0.04 0.01 0.23 0.34 0.04 0.05 0.04 0.04 0.02
NiO 0.01 0.02 0.03 0.14 0.25 0.01 0.01 0.01 0.01 0.01
Sum 99.78 100.01 99.14 100.50 100.13 100.09 100.00 100.19 100.32 99.73
Nb (ppm) 10 10 17 7 9 6 5 5 5 13
Zr 97 110 100 14 22 34 36 51 43 177
Y 34 34 32 6 5 19 20 24 21 48
Sr 134 113 212 7 11 88 93 106 116 93
U <2< <2< 2 2 <2< <2< <2< <2< <2< 4
Rb 4 17 82 11 4 4 4 4 4 6
Th <2< 3 26 3 <2< <2< <2< <2< <2< 5
Pb <2< <2< 47 8 10 <2< <2< <2< <2< 2
Ga 20 20 16 6 5 17 16 18 16 23
Zn 130 133 138 44 36 84 81 61 66 127
Cu 70 33 143 14 <2< 8 6 50 4 54
Ni 50 145 335 649 911 79 81 71 64 50
Co 52 56 95 33 95 44 41 35 34 46
Cr 95 328 23 1512 2412 275 407 301 305 103
V 441 475 450 25 55 278 247 233 193 547
Ce 7 10 <3< <3< <3< <3< 3 9 8 19
Nd 5 8 <4< 6 5 <4< <4< 7 7 7
Ba <9< 23 173 59 11 <9< <9< <9< 12 <9<
La 5 10 60 <4< <4< <4< <4< 9 <4< 6
S 1124 197 38044 169 5635 140 129 181 120 4525
Hf 6 1 <1< <1< <1< <1< <1< 3 <1< 3
Sc 53 78 53 16 41 51 42 35 33 75
As <3< 4 6 15 17 <3< <3< 4 <3< <3<
Note: 1 Symbols in figures 6 and 7 are 1 - filled triangle, 2 - open triangle, 3 - filled square, 4 - filled diamond, NP - not plotted. (continued)
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Table 3. (Concluded) Whole rock geochemical data (major, trace and rare earth elements) for the Birchy Complex (samples pref-
aced by DC). ICP and XRF data are provided for the each sample. See text for methods used.
Sample DC 09/08/32 DC 09/08/33 DC 09/08/35 DC 09/08/36 DC 09/08/37 DC 09/08/38 DC 09/08/39 DC 09/08/40 CD 09/08/41 CD 09/08/42
Description serpentinite metabasalt serpentinite serpentinite metabasalt metabasalt metabasalt metabasalt inter. tuff metabasalt
Symbol1 3 1 3 3 1 2 1 1 4 2
Latitude 50.05495 50.05495 50.0606 50.06022 50.06124 50.04611 50.04485 50.04035 50.04035 50.03504
Longitude -56.11515 -56.11515 -56.11192 -56.11713 -56.1155 -56.11238 -56.11123 -56.11406 -56.11406 -56.11978

ICP-OES, ICP-MS
SiO2 (wt%) 54.15 46.24 52.25 53.20 45.21 50.02 47.88 47.63 59.86 49.80
Al2O3 0.93 12.63 2.00 6.09 14.58 16.90 13.63 12.99 11.05 17.38
CaO 13.19 8.32 12.21 10.38 10.04 11.49 10.73 9.01 5.18 14.14
Cr2O3 0.07 0.02 0.32 0.40 0.03 0.04 0.03 0.02 <0.001 0.07
Fe2O3 5.52 14.13 6.58 8.19 12.18 7.85 14.80 15.22 12.80 6.06
K2O 0.08 0.15 0.20 2.00 0.38 0.07 0.07 0.08 0.61 0.06
MgO 21.01 7.22 19.37 16.73 6.93 6.86 7.12 7.11 1.21 8.20
MnO 0.23 0.23 0.17 0.19 0.18 0.14 0.22 0.25 0.11 0.12
Na2O 1.65 4.70 1.89 1.38 4.35 4.49 3.90 3.55 3.99 3.00
P2O5 0.02 0.21 0.02 <0.01 0.17 0.06 0.17 0.19 0.18 0.02
TiO2 0.04 1.58 0.03 0.04 1.72 0.64 1.86 2.12 0.75 0.33
LOI (1000ºC) 3.15 3.18 2.63 2.28 5.00 2.10 1.94 2.36 2.68 1.67
Ba (ppm) 0.57 8.55 12.82 270.44 28.15 31.23 8.61 9.36 449.66 6.45
Ce 2.25 12.18 4.02 <0.5 13.17 3.11 13.30 15.58 112.33 1.03
Dy 0.26 5.51 0.11 <0.1 5.87 2.39 6.28 7.41 39.18 1.25
Er 0.18 3.72 <0.1 <0.1 3.72 1.51 4.18 5.02 27.66 0.87
Eu <0.1 1.22 <0.1 <0.1 1.49 0.59 1.48 1.69 4.99 0.40
Ga 2.29 15.18 3.98 8.32 15.12 14.85 18.98 18.07 23.61 14.23
Gd 0.24 4.35 0.21 <0.1 4.89 1.76 5.16 6.09 31.93 0.94
Hf <1 2.19 <1 <1 2.70 <1 2.72 3.35 31.86 <1
Ho <0.1 1.25 <0.1 <0.1 1.29 0.55 1.45 1.70 9.03 0.31
La 0.99 4.12 2.38 <0.5 4.35 1.00 4.68 5.32 37.21 <0.5
Lu <0.1 0.58 <0.1 <0.1 0.56 0.24 0.63 0.78 4.49 0.14
Nb <0.5 2.87 <0.5 <0.5 2.33 0.80 3.95 4.36 30.88 0.52
Nd 1.00 9.65 1.89 <0.5 11.69 3.11 11.85 13.98 90.40 1.28
Pr 0.27 1.85 0.48 <0.1 2.30 0.56 2.25 2.66 18.24 0.20
Rb <0.5 1.78 2.77 43.35 5.57 3.84 <0.5 <0.5 23.51 <0.5
Sc 5.82 45.98 1.30 8.23 41.58 47.73 50.36 50.26 18.10 48.36
Sm 0.22 3.34 0.24 <0.1 3.92 1.27 4.06 4.69 26.79 0.61
Sn <1 <1 1.10 <1 1.20 <1 <1 <1 1.07 <1
Sr 53.00 104.22 43.60 13.50 181.42 146.08 107.18 78.29 246.87 109.92
Ta <0.1 0.24 <0.1 <0.1 0.18 <0.1 0.29 0.32 2.34 <0.1
Tb <0.1 0.86 <0.1 <0.1 0.93 0.36 1.00 1.14 6.17 0.20
Th <0.1 0.23 <0.1 <0.1 0.14 <0.1 0.26 0.27 6.03 <0.1
Tm <0.1 0.57 <0.1 <0.1 0.57 0.23 0.62 0.76 4.47 0.13
U 0.14 0.12 <0.1 <0.1 0.13 <0.1 0.12 0.13 1.57 <0.1
V 43.05 383.57 28.64 100.39 301.36 232.80 397.88 463.30 6.93 187.55
W <0.5 5.42 <0.5 1.13 2.30 6.35 3.73 5.66 7.66 9.68
Y 2.02 34.27 1.14 0.66 36.17 14.94 41.27 48.65 270.00 8.67
Yb 0.23 3.69 0.13 0.10 3.68 1.55 4.17 4.96 29.10 0.88
Zr 7.80 74.27 4.66 2.73 99.33 22.43 97.00 120.65 1179.88 17.83

XRF
SiO2 (wt%) 56.48 47.87 54.93 53.99 46.51 49.13 47.79 48.38 62.75 50.61
TiO2 0.02 1.63 0.02 0.05 1.74 0.64 1.87 2.15 0.74 0.33
Al2O3 1.07 12.91 2.17 6.25 14.81 16.13 13.27 12.87 11.13 17.30
Fe2O3 5.34 13.96 6.32 7.78 11.79 6.84 13.97 14.58 12.39 5.84
MnO 0.25 0.24 0.19 0.20 0.19 0.13 0.23 0.26 0.12 0.13
MgO 21.01 7.37 19.45 16.10 6.94 7.98 6.94 7.09 1.10 8.12
CaO 13.45 8.50 12.73 10.26 10.01 14.35 10.45 9.02 5.10 14.23
Na2O 0.00 3.45 0.32 0.00 3.21 1.79 2.60 2.30 2.83 2.02
K2O 0.01 0.11 0.16 1.95 0.34 0.20 0.08 0.06 0.58 0.04
P2O5 0.01 0.16 0.01 0.01 0.16 0.04 0.18 0.22 0.19 0.01
LOI 2.85 2.93 2.39 2.09 4.56 1.83 1.74 2.23 2.32 1.49
Cr2O3 0.08 0.02 0.30 0.39 0.03 0.12 0.03 0.02 0.00 0.07
NiO 0.06 0.01 0.14 0.11 0.01 0.02 0.01 0.01 0.00 0.01
Sum 100.63 99.15 99.12 99.17 100.31 99.18 99.15 99.20 99.25 100.18
Nb (ppm) 7 9 7 6 7 3 9 10 36 2
Zr 12 84 12 12 121 32 105 116 850 14
Y 8 30 6 7 33 18 34 38 191 13
Sr 49 101 40 13 175 137 102 72 231 98
U <2< 2 <2< <2< <2< <2< <2< <2< <2< 2
Rb 4 5 7 47 10 9 4 5 22 5
Th 6 2 4 2 3 2 3 2 8 <2<
Pb 339 <2< 53 3 <2< <2< <2< 2 6 <2<
Ga 6 18 8 11 18 16 21 21 23 16
Zn 59 123 92 98 89 49 96 125 37 37
Cu <2< 98 <2< <2< 69 107 3 35 153 16
Ni 291 60 761 647 78 112 67 66 8 91
Co 32 56 38 59 46 31 51 47 22 30
Cr 501 138 2294 2799 241 841 220 177 <2< 592
V 46 451 24 113 349 230 440 500 <2< 191
Ce 7 14 4 <3< 16 4 6 6 23 4
Nd 7 8 4 <4< 12 5 4 <4< <4< 5
Ba <9< <9< 17 299 16 28 <9< <9< 481 <9<
La <4< 5 16 <4< 7 4 <4< 6 17 <4<
S 398 441 152 355 260 259 120 305 7429 143
Hf <1< <1< <1< <1< 2 <1< <1< <1< 22 <1<
Sc 18 70 15 15 46 25 62 67 21 26
As 10 <3< 6 215 6 7 3 5 8 <3<
Note: 1 Symbols in figures 6 and 7 are 1 - filled triangle, 2 - open triangle, 3 - filled square, 4 - filled diamond, NP - not plotted.
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Ultramafic Rocks
The ultramafic rocks in the Birchy
Complex and Rattling Brook Group
are generally highly metamorphosed
and strongly metasomatised to serpen-
tinite, listwanite, soapstone and actino-
lite – fuchsite schist. The sampled ser-
pentinites and actinolite – fuchsite
schist locally preserve relict igneous
minerals; soapstone, listwanite and car-
bonate – tremolite bearing ultramafic
schists were not sampled due to exten-
sive metasomatism. The pervasive
degree of  alteration of  the ultramafic
samples complicates interpretation of

primary lithologies; however, Niu
(2004) demonstrated that the bulk
compositions of  pervasively hydrated
peridotites can preserve primary mag-
matic signatures. Normative calcula-
tions (not shown) suggest that the pro-
toliths to the serpentinites were
harzburgite and dunite, consistent with
presence of  relict orthopyroxene in
some samples. Presence of  minor nor-
mative clinopyroxene may suggest that
some of  the samples may be lher-
zolitic; however, this can also be attrib-
uted to introduction of  silica and
minor hydrothermal calcium during

serpentinization.  The actinolite
– fuchsite schists are petrograph-
ically distinct from serpentinites
and most likely represent hydrat-
ed websterite and/or pyroxenite.

Trace element abun-
dances in harzburgites and web-
sterites are very low and com-
monly near or below the detec-
tion limit for the analytical tech-
niques used in this study, result-
ing in missing elements (below
detection limit) or jagged pat-
terns (near detection limit; Fig.
7D). All ultramafic rocks are
characterized by depleted heavy
REE relative to primitive mantle
(Fig. 7D). All samples display
strong light REE enrichment,
similar to metasomatized mantle
of  the BVOT, but distinct from
abyssal and forearc peridotites
(Fig. 7D). Most analysed serpen-
tinites probably represent altered
metasomatised mantle. However,
negative Eu and Ti anomalies
for some samples (SNB 08
004A1 and 006A1) indicate that
these may represent lower
crustal cumulate.

IMPLICATIONS OF THE U–PB 
ZIRCON DATA AND 
GEOCHEMISTRY FOR THE
TECTONIC SETTING OF THE
BIRCHY COMPLEX AND 
ASSOCIATED ROCKS
The Birchy Complex, correla-
tives in the Mings Bight Group
(Fig. 1) and mafic – ultramafic
rocks in the Rattling Brook
Group were previously interpret-
ed as dismembered slices of  rel-
atively old Iapetan oceanic litho-
sphere (Fig. 3; Hibbard 1988).

However, no evidence for formation
by magmatically active seafloor spread-
ing, such as abundant pillow lavas,
sheeted dikes and mafic – ultramafic
cumulates typically found at the base
of  true oceanic crust, has been pre-
served. The subsequent strong Taconic
and Salinic tectonic overprints (van
Staal et al. 2009 a, b; Castonguay et al.
2010) could have destroyed all such
primary features, although this would
be surprising considering the heteroge-
neous nature of  the deformation (see
above). More significantly, the age data
presented herein are inconsistent with

Table 4. Whole rock geochemical data for the Birchy Complex (samples prefaced by SNB).
See text for methods used.
Sample SNB 08 E 005 A1 SNB 08 E 006 A2 SNB 08 E 006 A3 SNB 08 E 004 A1 SNB 08 E 006 A1
Description serpentinite serpentinite serpentinite serpentinite serpentinite
Symbol1 3 3 3 3 3
Latitude 50.051 50.118 50.118 50.051 50.118
Longitude -56.105 -56.125 -56.125 -56.105 -56.125

ICP-OES, ICP-MS
SiO2 (wt%) 40.08 40.32 39.32 41.88 40.49
Al2O3 1.71 0.52 0.62 0.94 0.49
Cr2O3 0.31 0.4 0.28 0.29 0.29
Fe2O3 7.92 7.22 6.1 6.99 5.31
MnO 0.065 0.065 0.073 0.077 0.058
MgO 37.16 39.54 39.25 36.53 38.95
CaO 1.16 0.57 0.13 0.62 0.43
Na2O 0.14 0.04 < 0.01 0.04 0.05
K2O 0.03 0.03 0.06 0.11 0.03
TiO2 0.037 0.003 0.011 0.021 0.009
P2O5 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
LOI (1000ºC) 12.66 12.33 13.08 11.89 14.63
Sum 101 100.6 98.65 99.1 100.5
Ba (ppm) 4 < 3 < 3 290 106
Ce 0.62 < 0.05 0.06 4.16 1.34
Co 90 90 92 107 87
Cs < 0.1 < 0.1 < 0.1 < 0.1 0.5
Cu 10 40 < 10 < 10 < 10
Dy 0.18 0.02 < 0.01 0.16 0.06
Er 0.13 0.01 0.01 0.1 0.04
Eu 0.024 < 0.005 < 0.005 0.021 0.011
Gd 0.13 0.02 < 0.01 0.21 0.08
Hf < 0.1 < 0.1 0.1 0.2 < 0.1
Ho 0.04 < 0.01 < 0.01 0.03 0.01
La 0.79 0.3 0.61 2.43 1.01
Lu 0.023 0.004 0.003 0.012 0.008
Nb 0.5 0.3 < 0.2 < 0.2 0.5
Nd 0.35 0.07 < 0.05 1.53 0.62
Ni 1720 1770 2230 2210 2100
Pb 6 < 5 < 5 15 < 5
Pr 0.08 0.02 < 0.01 0.47 0.17
Rb 1 < 1 < 1 < 1 3
Sc 10 8 8 8 6
Sm 0.09 0.02 < 0.01 0.29 0.13
Sr 15 17 6 23 33
Ta < 0.01 < 0.01 < 0.01 0.03 < 0.01
Tb 0.03 < 0.01 < 0.01 0.03 0.01
Th 0.13 < 0.05 < 0.05 1.33 0.65
Tm 0.02 < 0.005 < 0.005 0.015 0.008
U 3.64 0.35 0.02 5 2.14
V 38 14 18 22 12
Y 1.2 < 0.5 < 0.5 0.9 < 0.5
Yb 0.14 0.03 0.02 0.08 0.05
Zr 8 < 1 7 9 4

Note: 1 Symbols in Figure 6 are filled squares
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such an interpretation, because they
show that the bulk of  the Birchy Com-
plex is Late Ediacaran. The Birchy
Complex thus overlaps temporally with
the last phase of  rift-related magma-
tism in this sector of  the Laurentian
margin and significantly predates
(30–40 my) the late Early Cambrian
thermal subsidence-related transgres-
sion, commonly used as a proxy for
the final rift-drift event along the
Humber margin (Cawood et al. 2001;
Waldron and van Staal 2001). The age

of  the ultramafic rocks in both the
Rattling Brook Group and Birchy
Complex is unknown, but the presence
of  ultramafic-derived chromite in the
enclosed sedimentary rocks and their
close spatial association with the mafic
rocks (Fig. 4A) indicates that they are
pre-Late Ediacaran.

The Precambrian age distribu-
tion of  the detrital zircons of  the Flat
Point Formation corresponds closely
to correlatives of  the Fleur de Lys
rocks in west-central Newfoundland

(Hibbard 1988; Cawood and Nemchin
2001). The continental isotopic signa-
ture of  the sediments intercalated with
the Birchy Complex (εNd = -7.7; Table
5) and the typical Laurentian zircon
provenance of  the Flat Point forma-
tion (Fig. 6G) support the proximity of
the Birchy Complex to the Humber
margin, as suggested by Hibbard
(1983). The age, provenance and iso-
topic characteristics presented herein
support formation of  the Birchy Com-
plex during the extension and final rift-
ing event along the Humber margin,
shortly before the onset of  oceanic
spreading further outboard. The age of
the Flat Point Formation and the age
of  the Rattling Brook Group in gener-
al, are poorly constrained at present.
The youngest detrital zircon in the Flat
Point Formation yielded a U–Pb con-
cordia age of  990 ± 52 Ma. The pres-
ence of  mafic intrusive and extrusive
rocks with compositions similar to
those found in the rift sequence of  the
Labrador Group (de Wit and Strong
1975; Hibbard 1983) suggests that the
associated sedimentary rocks of  the
Rattling Brook Group and other cor-
relative units of  the Fleur de Lys
Supergroup are probably also Edi-
acaran and therefore form part of  the
rift sequence. 

The presence of  marble and
calcareous rocks in other parts of  the
Rattling Brook Group and also in the
Flat Point Formation, suggests that
these units were probably mainly
deposited during the drift stage. The
drift stage is constrained to be Early
Cambrian to Early Ordovician
(Cawood et al. 2001); hence, this part
of  the Rattling Brook Group is
younger than the Birchy Complex.
Based on the apparent stratigraphic
contacts between the Birchy Complex
and overlying Flat Point Formation, we
interpret the latter to have been
deposited above the Birchy Complex
during the Early Cambrian, following

Figure 7. Geochemical characteristics of  the Birchy Complex. A. Zr/Ti vs. Nb/Y
rock type discrimination plot (Pearce 1996). Mafic rocks are tholeiitic basalts. B.
NMORB-normalized (Sun and McDonough 1989) multi-element diagram for
mafic and intermediate rocks. Dashed lines indicate samples where Th is plotted at
half  the detection limit. For reference, the composition of  Cretaceous basalts
(mainly sheet flows) erupted along the distal part of  the Newfoundland rifted mar-
gin (ocean – continent transition) are plotted in the grey band (Robertson 2007). C.
La–Y–Nb tectonic setting discrimination plot (Cabanis and Lecolle 1989) for mafic
rocks of  the Birchy Complex. D. Primitive mantle-normalized (Sun and McDo-
nough 1989) multi-element diagram for ultramafic rocks (1 – Savov et al. 2005; 2–
Niu 2004; 3 – Baie Verte oceanic tract (BVOT) – Bédard and Escayola 2010).

Table 5. Sm–Nd isotopic characteristics of  the Birchy Complex
Sample Description Age (Ma) Nd (ppm)1 Sm (ppm)1 143Nd/144Nd1 147Sm/144Nd1 143Nd/144Nd2 eNd2

06-SNB-017 metagabbro 560 6.06 2.30 0.513124 0.2294 0.512282 7.2
07-SNB-S170A-01 psammite 560 59.4 11.2 0.511943 0.1144 0.511523 -7.7
DC-09-08-31 metabasalt 560 20.1 6.68 0.513034 0.2012 0.512296 7.4
DC-09-08-41 intermediate tuff 560 94.2 28.6 0.512975 0.1832 0.512303 7.5

Notes: 1 – measured; 2 – calculated following DePaolo (1981)
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the start of  spreading (Fig. 3). Such an
interpretation is consistent with the
facing evidence collected by Kennedy
(1971) and the absence of  any detrital
zircons corresponding to rift-related
Neoproterozoic magmatism in the
dated psammite. Cawood and Nemchin
(2001) observed that late Neoprotero-
zoic zircons occur in the rift-related
units, but are generally absent in the
drift-related units, probably because
the rift-related magmatic rocks were
largely buried as a result of  thermal
subsidence following the rift-drift tran-
sition.

DISCUSSION
We propose that the lithostratigraphic
association of  ultramafic rocks, tholei-
itic gabbro, volcanic rocks and conti-
nent-derived clastic sedimentary rocks
closely resembles the rock complexes
found in ocean – continent transition
(OCT) zones of  magma-poor passive
margins (see following). The ultramafic
rocks in such settings mainly represent
inherited sub-continental lithospheric
mantle exhumed onto the seafloor and

the structurally interleaved sedimentary
rocks represent its syn- to post-rift
cover (Manatschal 2004; Péron-Pin-
vidic and Manatschal 2009). The com-
plex polyphase structural history and
the relatively high pressures recorded
in the mafic schist (Willner et al. 2012)
are another feature typical of  OCT
zones, e.g. where they are preserved in
ancient mountain belts such as the
Alps (Beltrando et al. 2010).

Characteristics of Hyperextended
Margins
Hyperextension is generally, although
not exclusively, a characteristic of
magma-poor margins. However, view-
ing margins solely on the basis of  end
member models is generally inappro-
priate, because the degree and nature
of  magmatism associated with hyper-
extension varies (e.g. Müntener and
Manatschal 2006; Bernoulli et al. 2003)
or may change over time from magma-
poor to magma-rich (e.g. Osmundsen
and Ebbing 2008). Hyperextended
margins are commonly characterised by
extreme thinning of  parts of  the conti-

nental crust (distal margin) as a result
of  superimposition of  different modes
of  extension, culminating in exhuma-
tion of  lowermost crust and/or ser-
pentinized continental mantle onto the
seafloor (e.g. Iberian margin; Tucholke
et al. 2007; Sibuet and Tucholke 2012)
and the formation of  various types of
thinned crustal blocks (Péron-Pinvidic
and Manatschal 2010). The latter may
include isolated extensional crustal
allochthons riding on a concave-down-
wards lithosphere-scale master detach-
ment that exhumed mantle onto the
seafloor (e.g. Manatschal 2004; Man-
atschal et al. 2007, 2011; Sutra and
Manatschal 2012). This final asymmet-
ric phase of  extension may be super-
imposed on an earlier phase of  more
symmetric extension (Huismans and
Beaumont 2002) during which mantle
detachments can form below both
extending margins (e.g. Weinberg et al.
2007)

The exhumed, inherited man-
tle may be modified and refertilized by
percolating melts associated with syn-
rift magmatism (Müntener et al. 2009).
In general, syn-rift magmatism is sub-
dued and is represented by mafic intru-
sions of  MORB-like composition; vol-
canic rocks commonly form a minor
component of  the mafic magmatism
(but see Bernoulli et al. 2003).  These
mafic intrusions record the onset of
magmatic accretion within the OCT
zone during distributed (delocalized)
extension-related deformation, which
commonly continues for a significant
length of  time (Jagoutz et al. 2007;
Péron-Pinvidic and Manatschal 2009),
until the onset of  true seafloor spread-
ing and the formation of  oceanic
crust.

Ediacaran Hyperextension of the
Humber Margin
The inferred presence in the Birchy
Complex of  depleted mantle rocks
such as harzburgite is rare in OCT
assemblages, which are generally domi-
nated by serpentinized lherzolite.
Harzburgitic mantle was locally
exhumed during the Cretaceous along
the Atlantic margin of  Newfoundland
as a result of  hyperextension of  the
Newfoundland – Iberian sector during
opening of  the Atlantic Ocean. This
harzburgite was interpreted as a slice of
supra-subduction zone mantle inherit-

Figure 8. Sm–Nd isotopic characteristics of  the Birchy Complex (sample key is
same as in Fig. 7) and comparison to the Achill Beg Formation, Clew Bay Complex
(CBC), Ireland (Chew 2003), Notre Dame Arc (NDA), Newfoundland (Whalen et
al. 1997); and Annieopsquotch Accretionary Tract (AAT), Newfoundland
(Zagorevski et al. 2006). All values are recalculated to 560 Ma (DePaolo 1981).
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ed from a pre-Mesozoic period of  sub-
duction and melt extraction (Müntener
and Manatschal 2006). Exhumation of
such refractory supra-subduction zone
mantle may be a mechanism that sup-
presses formation of  syn-rift basaltic
melts. Likewise, the harzburgite and
dunite preserved in the Rattling Brook
Group and Birchy Complex may be
mantle and lower crustal cumulates of
a pre-Iapetus opening phase of  sub-
duction (Grenville?). This is consistent
with the trace element characteristics
of  the Birchy Complex mafic rocks,
which exhibit MORB to backarc basin-
like characteristics (Fig. 7B, C).These
characteristics have been demonstrated
to result from melt percolation though
subduction-zone modified mantle in
modern settings (e.g. Taylor 1992).
Cretaceous rift-related basalts of  the
hyperextended Atlantic margin in off-
shore Newfoundland have similar char-
acteristics (Fig. 7B), suggesting that
they were derived from pre-Atlantic,
Iapetan subduction-zone modified
mantle (Robertson 2007). We infer a
similar mechanism for the Birchy
Complex suite 2 metabasites, whereby
extension along the Laurentian margin
leads to decompression melting of  pre-
viously metasomatized mantle similar
to our ultramafic rocks (Fig. 7D). Suite
1 metabasites (Fig. 7B, C) are distinctly
more depleted in Th and light REE
than the suite 2 metabasites and may
be analogous to off-axis magmas
(Reynolds and Langmuir 2000).

In addition to the ultramafic
rocks in the Birchy Complex and Rat-
tling Brook Group discussed herein,
narrow slices of  mantle interleaved
with strongly tectonized metasedimen-
tary rocks occur elsewhere in New-
foundland (e.g. Matthews Brook ser-
pentinite; Cawood et al. 1996), Québec
(e.g. Pennington sheet serpentinite; St.
Julien 1987), and Vermont (Doolan et
al. 1982), suggesting that hyperexten-
sion may have been a common process
along several segments of  Laurentia’s
Appalachian margin. There is also a
close similarity between the Birchy
Complex and parts of  the Rattling
Brook Group in Newfoundland with
the upper parts (Easdale Subgroup) of
the Dalradian Supergroup in western
Ireland, suggesting that they occupied
a similar and correlative tectonic set-
ting (Winchester et al. 1992), directly

linking the Laurentian realm of  the
Newfoundland Appalachians to the
British Caledonides. At this stratigraph-
ic level, best seen on southern Achill
Island, serpentinite olistoliths embed-
ded in a graphitic pelite matrix are
common (Kennedy 1980; Chew 2001).
The serpentinite bodies are associated
with mafic volcanic rocks, deep-marine
continentally derived psammitic wacke
(Fig. 8), and graphitic pelite in a
sequence that underwent Taconic –
Grampian blueschist-facies metamor-
phism (Chew et al. 2003). Blueschist
facies metamorphism is also preserved
in correlative OCT rocks in northern
Vermont (Doolan et al. 1982; Cas-
tonguay et al. 2012), emphasizing the
link between high-pressure metamor-
phism and OCT assemblages estab-
lished in the Alps (Beltrando et al.
2010) and in the Taconic – Grampian
orogen of  the Appalachian – Caledon-
ian mountain belt.  A discontinuous
horizon of  serpentinite bodies has also
been documented in the Easdale Sub-
group of  central and northeastern
Scotland (Garson and Plant 1973).
The serpentinite bodies in Ireland and
Scotland have been interpreted as
seafloor protrusions of  serpentinized
mantle that were generated in Easdale
Subgroup time during a phase of
major crustal extension leading to the
formation of  an OCT (Chew 2001).

Implications of a Hyperextended
Humber Margin
Evidence for Ediacaran – Early Cam-
brian hyperextension along segments
of  the Laurentian margin during open-
ing of  the Iapetus Ocean has major
ramifications for understanding the
evolution of  the Appalachian – Cale-
donian margin of  Laurentia in general.
For example, where the sedimentary
cover of  rifted margins is very thick,
such as the Dalradian Supergroup of
the Laurentian margin in the British
and Irish Caledonides (e.g. Chew 2001;
Leslie et al. 2008), they may form a
thermally insulating blanket; the under-
lying crust may therefore heat up and
become rheologically weaker during
rifting (Reston and Manatschal 2011).
Hyperextension and the resultant for-
mation of  crustal ribbons, ‘hanging
wall’ (H-) blocks, and extensional
crustal allochthons (for definitions and
characteristics of  these various types of

crustal blocks see Péron-Pinvidic and
Manatschal 2010) are capable of
explaining several puzzling and/or
problematic phenomena. These
include: 1) the apparent late age
(525–520 Ma) of  the oldest known
drift sequences (e.g. Cawood et al.
2001); 2) the formation of  microconti-
nents (e.g. Dashwoods) along the New-
foundland Humber margin and the
Appalachian – Caledonian margin in
general (van Staal et al. 2007, 2009b;
Chew et al. 2010); 3) the markedly vari-
able and spotty preservation of  radi-
ogenic age evidence for Taconic-relat-
ed metamorphism and deformation
along strike (Cawood et al. 1994; Cas-
tonguay et al. 2001, 2010 ; van Staal et
al. 2009 a, b); and 4) evidence for
crustal contamination in felsic rocks of
the BVOT and its Early to Middle
Ordovician Snooks Arm Group cover
(Skulski et al. 2010) and other out-
board terranes in the peri-Laurentian
realm (e.g. Whalen et al. 1997; van
Staal et al. 2007; Zagorevski et al.
2006)

Thermal Subsidence
The highly thinned continental margins
of  studied OCT zones commonly dis-
play significant retardation of  thermal
subsidence. In addition to the poten-
tially insulating effects of  a thick sedi-
mentary blanket and the predicted slow
cooling of  the upper plate crust during
asymmetric extension (Buck et al.
1988), anomalous slow cooling and
prolonged uplift of  a rifted margin
may also be related to the structural
emplacement of  hot mantle under the
thinning crust (Müntener et al. 2009;
Péron-Pinvidic and Manatschal 2009).
Hence, a combination of  these
processes may have significantly
delayed thermal subsidence and the
resultant transgression. 

The time of  transgression was
used previously as a proxy for defining
the Iapetus rift-drift transition (Bond
1984; Williams and Hiscock 1987;
Cawood et al. 2001), but only provides
a minimum age for break-up along this
segment and probably elsewhere as
well (cf. Hibbard et al. 2007). Further-
more, the work of  Jagoutz et al. (2007)
along the Iberian OCT has shown that
formation of  MORB along the proto-
ridge in embryonic oceanic crust may
be followed by widespread, delocalized
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extensional deformation and off-axis
magmatism before true spreading
occurs. Therefore, the Late Neopro-
terozoic (565–550 Ma) eruption of
MORB, backarc basin basalt (Bédard
and Stevenson 1999; this paper) and
other within-plate magmatism
(Cawood et al. 2001; Hodych and Cox
2007) in the Newfoundland and
Québec Appalachians merely places an
upper limit on the onset of  true
seafloor spreading in this segment of
the Iapetus Ocean.  Spreading followed
a long period (615–550 Ma) of  pre-
spreading, non-voluminous rift-related
magmatism, exhumation of  mantle
onto the seafloor, and formation of
embryonic (cf. Jagoutz et al. 2007)
oceanic crust between 565–550 Ma
(Fig. 9A). Hence, the end of  rift-relat-
ed magmatism (550 Ma) is the best
proxy for the final breakup and onset
of  spreading in the Laurentian realm
of  the Iapetus Ocean (Fig. 9B).

Formation of Microcontinents
Microcontinents such as Dashwoods
and equivalents elsewhere (e.g. Karabi-
nos et al. 1998; Hibbard et al. 2007;
van Staal and Hatcher 2010; Allen et al.
2010; Chew et al. 2008, 2010) initially
could have formed, at least to a first
approximation, as H-blocks or large
extensional allochthons, analogous to
the BrianHonnais crustal block in the
Alps (Manatschal et al. 2006; Mohn et
al. 2010). The crust of  H-blocks is
commonly thinned to less than 20 km
and is generally associated with marked
retardation of  subsidence (Péron-Pin-
vidic and Manatschal 2010). The char-
acteristics of  H-blocks fit the existing
three dimensional seismic and petro-
logical constraints on Dashwoods
rather well (van der Velden et al. 2004;
van Staal et al. 2007). Hence, we inter-
pret Dashwoods as a microcontinent
that evolved from an H-block (Fig. 9
A, B) rather than an extensional
allochthon. Isotopic evidence of
crustal contamination and zircon
inheritance in the outboard peri-Lau-
rentian terranes (e.g. Karabinos et al.
1998; Whalen et al. 1997; Zagorevski et
al. 2006; Brem et al. 2007; Hibbard et
al. 2007; van Staal et al. 2007; van Staal
and Hatcher 2010; Allen et al. 2010;
Chew et al. 2008, 2010; Skulski et al.
2010, Zagorevski and van Staal 2011)
indicate that these isolated blocks sub-

sequently formed the basement to
supra-subduction zone magmatism in
the outboard arc complexes. Forma-
tion of  H-blocks and/or large exten-
sional allochthons during hyperexten-
sion would remove the necessity of
having two discrete rifting events along
the Humber margin, resulting in two
coeval spreading centres (Cawood et al.
2001; Waldron and van Staal 2001;
Burton and Southworth 2010). This is
analogous to the BrianHonnais crustal
block in the Alps (Manatschal et al.
2006; Mohn et al. 2010), which sepa-
rates the Valais oceanic basin to the
north from the Piemonte – Liguria
Ocean to the south. In this analogy
(Fig. 9B), the Piemonte – Liguria
Ocean would represent the Iapetus
Ocean and the Valais basin the Taconic
seaway. However, the generation of
upper plate magmatism (489–477 Ma
Notre Dame arc) in Dashwoods during
the closure of  the Taconic seaway (van
Staal et al. 2007), demands that parts
of  the Taconic seaway had achieved a
width large enough to generate arc
magmatism during its subduction
beneath Dashwoods, but not so wide
as to prevent exchange of  Laurentian
faunas. These boundary conditions
suggest that the ca. 300 to1000 km
wide (van Staal et al. 1998, 2007)
Taconic seaway, in contrast to the
Valais basin in the Alps, saw a short
period (550–540 Ma) of  spreading.
This spreading was likely delocalized,
ultra-slow and merely forming embry-
onic oceanic crust (Jagoutz et al. 2007);
hence, the Taconic seaway was proba-
bly partially underlain by exhumed
mantle and partly by oceanic litho-
sphere. Regardless of  whether rifting
and spreading was localized or delocal-
ized, we infer that any spreading in the
Taconic seaway was aborted shortly
after it had started and that the domi-
nant magmatic spreading centre
formed further outboard in what
would become the Iapetus Ocean (Fig.
9B), leading to separation of  Dash-
woods from Arequipa – Antofalla, its
inferred conjugate partner (Escayola et
al. 2011)

Preservation of Evidence for Tacon-
ic Deformation and Metamorphism 
Other extension-related continental
blocks surrounded by exhumed and
serpentinized mantle, situated between

Dashwoods and the autochthonous
Humber margin (Fig. 9B), may explain
preservation of  evidence for pervasive
Taconic tectono-metamorphism in
these rocks compared to its apparent
non-preservation in other, more
inboard parts (see Cawood et al. 1994
and van Staal et al. 2009 a, b). We pro-
pose that an extensional allochthon
originally formed the basement of  the
Rattling Brook Group east of  the
Bishie Cove thrust (Figs. 2, 9B, 9C).
The Rattling Brook allochthon would
have been subducted (abortively)
beneath the BVOT and Dashwoods
before arrival of  the leading edge of
the autochthonous Humber margin
and its collision with the Notre Dame
arc (van Staal et al. 2007). It follows
that, because of  its buoyancy, it could
have returned to higher crustal levels
along the subduction channel, together
with the adjacent OCT zone preserved
in the Birchy Complex (Fig. 9C). This
may have occurred during or after the
final Taconic subduction of  the OCT
lithosphere situated between the Rat-
tling Brook extensional allochthon and
the leading edge of  the autochthonous
Humber margin sitting further inboard
(Fig. 9C). Such a process could have
translated the Birchy Complex and spa-
tially associated rocks to a high struc-
tural level during the Taconic orogeny
(470–460 Ma), such that it remained
below the Ar-closure temperature of
white mica during the subsequent
Salinic orogenic overprint (Cawood et
al. 1994) and therefore preserved its
Taconic argon ages. Although ca. 464
Ma metamorphic zircon in retro-
gressed eclogite pods leaves little doubt
that the autochthonous Humber mar-
gin was subjected to Taconic burial as
well (van Staal et al. 2009 a, b), Taconic
argon ages are typically not preserved
in the adjacent rocks (Hibbard, 1983).
This is likely because the autochtho-
nous Humber margin was in many
places subjected to significant Silurian
(Salinic) tectonic burial and resetting.
In this model, the serpentinites along
the Bishie Cove thrust would thus
define a suture between para-
authochthonous Humber margin rocks
and allochthonous OCT lithosphere
attached to the Rattling Brook
allochthon positioned further outboard
(Fig. 9C). Chew et al. (2010) proposed
a rather similar model for the
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Figure 9. Schematic tectonic
evolution of  the hyperextended
segment of  the Humber margin,
preserved on the Baie Verte
peninsula of  northwestern New-
foundland. A. Extensional struc-
tures formed during the early
stages of  rifting (615–580 Ma).
It is inferred that Dashwoods
started out as a keystone
between conjugate normal faults
(hanging wall block) associated
with thinning of  the lithosphere.
This part of  the model follows
the structural evolution pro-
posed by Mohn et al. (2010) for
the isolation of  the BrianHonnais
block through formation of  the
Valais and Ligurian – Piemonte
oceanic seaways in the Alpine
Tethys. B. Isolation of  Dash-
woods as a microcontinent fol-
lowing development of  large
detachment faults, which
exhumed mantle onto the
seafloor on both sides. The Rat-
tling Brook block forms as a
major extensional allochthon
that was separated from the
authochthonous Humber margin
by exhumed mantle and overlain
by sediments of  the Fleur de
Lys Supergroup. Extension and
separation of  the Rattling Brook
allochthon from the Humber
margin continued until the onset
of  spreading in the Taconic sea-
way between 550 and 540 Ma.

This spreading is necessary to form an oceanic basin wide enough to generate Early Ordovician arc magmatism in Dashwoods
and above the Baie Verte oceanic tract (BVOT) during its closure. Spreading subsequently jumped outboard of  Dashwoods
between 540 and 530 Ma, opening the Iapetus Ocean and separating Dashwoods from its conjugate margin, which is assumed
to be the Arequipa – Antofalla ribbon continent and related terranes (Escayola et al. 2011). C. Final closure of  the Taconic sea-
way by east-directed subduction, which culminated in Taconic orogenesis. East-directed subduction began in the Taconic seaway
at ca. 490 Ma, forming the 490–483 Ma supra-subduction zone BVOT (van Staal et al. 2007, 2009b). The latter subsequently
became the forearc terrane to the 489–477 Ma Notre Dame arc, as indicated by ample continental arc fragments in the basal
part of  the Flat Water Pond/Snooks Arm Group (Bédard et al. 2000; Skulski et al. 2010). Earlier west-directed subduction with-
in the Taconic seaway may have started during the Middle Cambrian, culminating in obduction of  the Lushes Bight oceanic
tract onto Dashwoods and subduction polarity reversal (see Zagorevski and van Staal 2011), but is not shown here for the sake
of  simplicity. Partial subduction of  the Rattling Brook allochthon at ca. 479 Ma is thought to be the cause of  the extinction of
the Notre Dame arc in Dashwoods by ca. 477 Ma. Convergence continued through subduction of  the segment of  the Taconic
seaway mainly underlain by serpentinized mantle that separated the (para) autochthonous Humber margin from the Rattling
Brook allochthon. Hinge retreat and possibly steepening of  the downgoing slab may explain the west-directed migration of
upper plate arc-backarc magmatism from Dashwoods onto the BVOT, forming the 479–467 Ma Flat Water Pond/Snooks Arm
Group, which forms a disconformable cover sequence to the BVOT (Skulski et al. 2010).
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Grampian in the west of  Ireland. In
addition, slow but relatively steep sub-
duction of  the OCT lithosphere (partly
serpentinized mantle?) between the
Humber margin and the Rattling
Brook allochthon, beneath the BVOT,
could be responsible for generating the
arc – backarc-like magmatism pre-
served in the Flat Water Pond/Snooks
Arm Group, which disconformably
covers the BVOT (Skulski et al. 2010).

CONCLUSION
The extent of  hyperextension along
the Laurentian margin is difficult to
assess at present, but the evidence of
detached peri-Laurentian blocks having
been subjected to different tectonic
evolutions during the Taconic –
Grampian orogen is widespread (e.g.
Karabinos et al.1998; Hibbard et al.
2007; van Staal et al. 2007; van Staal
and Hatcher 2010; Leslie et al. 2008;
Chew et al. 2008, 2010; Allen et al.
2010). Laurentia’s Appalachian – Cale-
donian margin may therefore have
been characterised by large, magma-
poor, hyperextended segments.

Considering the poor age con-
straints on the timing of  the rift-drift
transition, it is difficult to assess the
overall sense of  diachroneity in the
opening of  the Iapetus Ocean. Howev-
er, available data suggest that rifting
progressed from northeast to south-
west in present coordinates, being the
oldest in Baltica (Bingen et al. 1998)
and becoming younger in Scotland (e.g.
Leslie et al. 2008) and the Appalachi-
ans (van Staal et al. 1998; Cawood et al.
2001; Burton and Southworth 2010).

The reason for Late Cambrian
(495–490 Ma) subduction initiation in
the Taconic seaway in Newfoundland
(van Staal et al. 1998, 2007) and near
the Grampian margin in the west of
Ireland (Chew et al. 2010), rather than
in the outboard Iapetus, remains elu-
sive. Numerical analysis has shown that
initiating subduction in old and cold
oceanic lithosphere near a continental
margin is very difficult, because the
strength of  such lithosphere is higher
than the forces that drive subduction
(e.g. Cloetingh et al. 1989), although
potential exceptions under special con-
ditions have been proposed (Nikolaeva
et al. 2011).  However, as indicated by
Beltrando et al. (2010) and Reston and
Manatschal (2011), the serpentinite

shear zones formed during extension
represent major zones of  weakness,
which could have facilitated initiation
of  subduction following the onset of
compression during the Middle Cam-
brian in the Iapetus Ocean (van Staal
and Hatcher 2010) and Taconic seaway
(Zagorevski and van Staal 2011).
Regardless of  whether this is correct,
the earliest rifting history along the
Laurentian margin likely had a pro-
found impact on the closure of
Iapetan seaways and generation of
associated arc magmatism in the Lau-
rentian realm.
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