APPENDIX 1: GEOCHRONOLOGY

U – Pb Analytical Techniques

Heavy mineral concentrates were prepared from the samples using standard mineral separation techniques, including: crushing, grinding, hydrogravimetric Wilfley™ table, and heavy liquid separation. This was followed by final separation of the zircon grains by magnetic susceptibility using a Frantz™ isodynamic separator and hand-picking using a binocular microscope. 

SHRIMP II (Sensitive High Resolution Ion MicroProbe) analyses were conducted at the Geological Survey of Canada using analytical procedures described by Stern (1997), with standards and U – Pb calibration methods following Stern and Amelin (2003).  Zircons from the samples and fragments of the GSC laboratory zircon standard (z6266 zircon, with 206Pb/238U age = 559 Ma) and a secondary zircon standard (Temora 2) were cast in an epoxy grain mount (see Table A1 for GSC mount#), polished with diamond compound to reveal the grain centers, and photographed in transmitted light. Internal features of the zircons (such as zoning, structures, alteration, etc.) were characterized in back-scattered electron (BSE) and cathodoluminescence (CL) modes utilizing a Zeiss Evo 50 scanning electron microscrope (SEM). Mount surfaces were evaporatively coated with 10 nm of high purity Au.  Analyses were conducted using an O- primary beam, projected onto the zircons with an elliptical spot ranging in size from 13μm x 16μm to 17μm x 23μm. The count rates of ten masses including background were sequentially measured over 6 scans with a single electron multiplier and a pulse counting system with deadtime of 23 ns.  Off-line data processing was accomplished using customized in-house software.  The SHRIMP analytical data are presented in Table A1, where the 1( external errors of 206Pb/238U ratios reported in the data table incorporate a 1.0 – 1.2% error in calibrating the standard zircon (Stern and Amelin 2003).  No fractionation correction was applied to the Pb-isotope data; common Pb correction utilized the Pb composition of the surface blank (Stern, 1997).  The data are plotted in concordia diagrams with errors at the 2( level (Fig. 11), using Isoplot v. 3.0 (Ludwig 2003) to generate the plots.  
40Ar/39Ar Analytical Techniques

The sample was processed for 40Ar/39Ar analysis using standard mineral separation techniques, including hand-picking of inclusion-free unaltered hornblende crystals in the size range 250 – 500µm. The grains were loaded into an aluminum foil packet, along with several grains of Fish Canyon tuff sanidine (FCT – SAN) to act as flux monitor. The packet was arranged radially in an aluminum canister (40×19 mm) with several other samples as part of Irradiation batch #58, and irradiated for 40 MWH in position 5c at the research nuclear reactor of McMaster University (Hamilton, Ontario) in a fast neutron flux of approximately 5.8 x 1013 neutrons/cm2. Laser 40Ar/39Ar step-heating and spot dating analyses of the irradiated samples were carried out at the Geological Survey of Canada (Ottawa). For step-heating, two multi-grain aliquots of the sample were loaded into 1.5 mm diameter holes in a copper planchet and stepwise heated under vacuum using a Merchantek MIR10 10W CO2 laser equipped with a 2 x 2 mm flat-field lens. The released Ar gas was cleaned over getters for ten minutes before isotope analysis using the secondary electron multiplier system of a VG3600 gas source mass spectrometer; details of data collection protocols can be found in Villeneuve and MacIntyre (1997) and Villeneuve et al. (2000). Error calculation on individual steps follows numerical error analysis routines outlined in Scaillet (2000), whereas error analysis on grouped data follows algebraic methods of Renne et al. (1998). Neutron flux gradients were evaluated by analyzing multiple FCT – SAN flux monitors (apparent age = 28.03 ± 0.16 Ma, 2σ, Renne et al. 1994) from several packets at different levels in the tube, and by interpolating a linear fit against calculated J-factor and sample position. The error on the J-factor value reported in Table A2 is conservatively estimated at ±0.6% (2σ). Because this error is systematic and not related to individual analyses, correction for this uncertainty is not applied until calculation of dates from isotopic correlation diagrams (Roddick 1988). Blank levels and nucleogenic interference correction values are stated in Table A2. In the gas release diagram in Fig. 13C, two step-heating analyses are combined to form a single result, whereby the fraction of 39Ar released relative to the sum total of 39Ar released for all analyses forms the x-axis. Thus, the apparent 40Ar/39Ar age of each heating step is plotted against the cumulative amount of 39Ar released from the sample, normalized to 100% for the total 39Ar released over all aliquots. Because of the use of replicate aliquots, the gas release plots presented here differ from conventional 40Ar/39Ar spectra in that data from each aliquot is displayed in adjacent, alternately shaded regions of a gas release spectrum. Upon ascertaining reproducibility of individual spectra and plateau regions (defined here as three or more consecutive heating steps that are within error of each other that comprise >50% of the total 39Ar released), data were combined by integrating plateau portions (marked by a line above steps) weighted by analytical error.

APPENDIX 2: GEOCHRONOLOGICAL SAMPLE DESCRIPTION AND INTERPRETATION

RAX05-902 (z8768): Gullbridge Felsic Tuff

The Gullbridge VMS deposit is hosted by a complexly deformed sequence of pillow basalt, felsic volcanic rocks and jasperites. Previous studies correlated these volcanic rocks with the Robert’s Arm Group to the north and Buchans Group to the south; however, due to lack of direct age constraints there is a possibility that these sequences may represent discrete volcanic sequences of different ages (e.g., O’Brien 2007). 

A sample of felsic tuff from a tuff and jasperite sequence (Fig. 6A, B) on strike from the Gullbridge deposit was collected to constrain the age of volcanism and to test the previous correlations. The sample yielded abundant high quality, euhedral, prismatic to elongate zircon grains ranging in size from 50 to 150 µm. Backscatter (BSE) and cathodoluminescence (CL) scanning electron microscope (SEM) imaging reveals faint growth zoning in most grains and some small apparent cores (Fig. 8D, E; not analyzed). Most of the zircon grains contain abundant inclusions and some are quite fractured. SHRIMP II analyses from the felsic tuff are dominated by a single age population (Fig. 8A). A weighted average 206Pb/238U age of these analyses is calculated to be 471.7 ± 2.9 Ma (MSWD = 0.88; probability = 0.61; n=20). Taking into account the associated error on the standard zircon grains analyzed on the SHRIMP grain mount, the crystallization age of the felsic tuff is interpreted to be 472 ± 4 Ma. Three analyses yielded significantly older discordant ages that are interpreted to be inherited from continental basement (Fig. 8A; analyses 1.1, 16.1 and 39.1, Table A1).
RAX08A-795 (z9748): South Pond Trondhjemite
The southeastern margin of the Hall Hill – Mansfield Cove complex (479 ± 3 Ma: Dunning et al. 1987) adjacent to Mansfield Cove Fault comprises a gabbro – sheeted dyke complex with abundant trondhjemite dykes. The gabbro-sheeted dyke sequence preserved evidence for syn-magmatic disaggregation of trondhjemite as the trondhjemite is both boudinaged within and cut by diabase dykes (Fig. 6E). This indicates that the trondjhemite is coeval with the emplacement of the sheeted dyke complex. Although the exposure is in general poor, these rocks appear to be separated from the Hall Hill – Mansfield Cove complex by a shear zone. 

A sample of boudinaged fine-grained trondhjemite was collected to test whether this ophiolitic sequence is coeval with the Hall Hill – Mansfield Cove Complex, or if it forms part of the Floian arc-backarc complex (i.e., Lloyds River ophiolite complex of Zagorevski et al. 2006).  The sample yielded a small number of very small (25 to 60 µm), mostly stubby prismatic grains and some zircon tips. Most of the grains contain inclusions and are somewhat fractured. Many zircon grains display faint to well-defined growth zoning in BSE – SEM images (Fig. 8F). SHRIMP II analyses from the trondhjemite compose a single age population (Fig. 8C). A weighted average 206Pb/238U age of these analyses is calculated to be 472.3 ± 3.3 Ma (MSWD = 1.1; probability = 0.35; n=9). Reversely discordant analysis 9748-14.1 is not included in the age calculation. Taking into account the associated error on the standard zircon grains analyzed on the SHRIMP grain mount, the crystallization age of the trondhjemite is interpreted to be 472 ± 4 Ma. The probability of this age being equivalent to the age of the Mansfield complex is extremely low. Thus, this age suggests that the Hall Hill – Mansfield Cove Complex is composite and contains two ophiolitic units of different ages, similar to the relationships in central Newfoundland, where the ca. 480 Ma Annieopsquotch ophiolite belt is structurally juxtaposed with the ca. 473 Ma Lloyds River ophiolite complex (Lissenberg et al. 2005b; Zagorevski et al. 2006).
RAX08A-688 (z9902): Boot Harbour Conglomerate 

The base of the Boot Harbour assemblage of the Robert’s Arm Group (Bostock 1988) exposes the Woodfords Arm granite, which was emplaced into chert, jasperite, felsic tuff, pyroxene porphyritic basalt and locally, felsic volcanic–derived sandstone to cobble conglomerate (Fig. 10B). A sample of sandstone from a volcanic conglomerate with very well rounded rhyolite cobbles was collected to constrain the provenance of the source volcanic rocks (Fig. 10A). The clearly sedimentary nature of the conglomerate indicates that this rock will yield a detrital age. The sample yielded abundant 50 µm to >200 µm zircon grains including euhedral stubby prisms, elongate crystals, equant multifaceted grains and rounded grains. Quality of selected zircon grains ranged from very high to abundantly fractured and containing numerous inclusions. BSE – SEM imaging reveals numerous zircon grains with faint growth zoning (Fig. 8G) and some rounded zircon grains with inherited cores (Fig. 8H). SHRIMP II analyses of the zircon grains yielded several detrital age populations. Older populations include ca. >2.6, 1.8 – 1.7, 1.25 – 1.20, and 0.55 Ga analyses (Table A1, Fig. 8B). Analyses are dominated by the youngest age population. A weighted average 206Pb/238U age of these analyses is calculated to be 472.6 ± 2.7 Ma (MSWD = 0.90; probability = 0.59; n=21). Taking into account the associated error on the standard zircon grains analyzed on the SHRIMP grain mount, the age of this youngest population is interpreted to be 473 ± 4 Ma, and the age of the conglomerate is thus constrained to be younger than 473 ± 4 Ma. The 473 ± 4 Ma age likely represents the age of the dominant felsic volcanic protolith, similar in age to the felsic volcanic rocks to the southwest in the Gullbridge area (472 ± 4 Ma; see previous), and trondhjemite in the Hall Hill – Mansfield Cove complex (472 ± 4 Ma; see following). This age is indistinguishable from the dated brecciated rock from the same stratigraphic interval northeast of the granite (ca. 473 Ma; Dunning et al. 1987). The stratigraphic context of the previously dated sample and indeed whether it represents a volcanic, hypabyssal or sedimentary rock is unclear (Kerr and Dunning 2003). Our age collaborates existence of older volcanic ages in the area, but does not indicate whether the ca. 473 Ma basement is presently exposed.
RAX08A-807 (z9871): Woodfords Arm Monzogranite

Woodfords Arm granophyric, biotite ± hornblende monzogranite intrudes the stratigraphically lowest rocks of the Boot Harbour assemblage in the Robert’s Arm Group (Fig. 10C). Locally miarolitic cavities with prismatic quartz are present, suggesting very shallow depth of emplacement. Kerr and Dunning (2003) obtained a 473 ± 3 Ma 207Pb/206Pb zircon age on the Woodfords Arm monzogranite; however, it appears to intrude conglomerate with ca. 473 Ma provenance (RAX08A-688), displays consanguineous relationships with ca. 464 Ma diorite (RAX08A-716; Fig. 10C), and has been interpreted to be a subvolcanic pluton (e.g., Bostock 1988) to ca. 464 Ma rhyolite (RAX07A-807). For this reason, a sample was collected to confirm the age of the pluton.

The Woodfords Arm monzogranite sample yielded abundant zircon grains ranging in size from 50 m to 150 m and including equant to stubby prismatic crystals. Some of the zircon grains are quite clear, without inclusions or fractures, but many contain fractures and numerous inclusions. BSE – SEM imaging revealed faint to well-defined sector or growth zoning in many of the grains, as well as grains with core – rim relationships (Fig. 13E). SHRIMP II analyses ranging in age from ca. 515 to 487 Ma (Fig. 13A; Table A1) are from inherited cores within zircon grains with cores and rims, as well as from entirely inherited grains. A weighted average 206Pb/238U age of the dominant youngest age population is calculated to be 464.2 ± 2.5 (MSWD = 1.5; probability = 0.06; n=23). These youngest analyses are from entire magmatic grains with well-defined sector or growth zoning (Fig. 13F). Taking into account the error associated with the zircon standards analyzed on the SHRIMP mount, the age of the Woodfords Arm monzogranite is interpreted to be 464 ± 4 Ma.
RAX08A716 (Z9721): Woodfords Arm Diorite

Margins of the Woodfords Arm monzongranite locally show a co-magmatic relationship with diorite, including mutually cross-cutting relationships and the presence of amoeboid mafic enclaves (Fig. 10C). A sample of fine grained hornblende diorite was collected from the mixed zone to confirm the age of Woodfords Arm monzogranite. As the monzogranite was emplaced at shallow depth (granophyric texture, miarolitic cavities), the U – Pb zircon (crystallization) age and the hornblende cooling age were expected to be similar. Two multi-grain aliquots of hornblende yielded reproducible individual spectra and plateau regions each with 5 consecutive steps within error of each other comprising >50% of the total 39Ar released (Fig. 13B; Table A2). Integration of plateau regions weighted by analytical error yields a combined age of 464.5 ± 3 Ma (MSWD=1.485; 70% of the total 39Ar released). This age is within error of the U – Pb zircon crystallization age of the consanguineous Woodfords Arm monzogranite (see previous).
RAX07A-276 (Z9534): Hayward’s Bight Rhyolite

A sample of grey-green to maroon rhyolite was collected from Hayward’s Bight, Robert’s Arm Group, representing some of the stratigraphically highest volcanic rocks exposed. The rhyolite is mostly aphyric, holocrystalline and amygdaloidal. Amygdules range from very small to >4 cm and from round to highly flow attenuated pipe vesicles (Fig. 10D). Misalignment between flow lineated pipe vesicles indicates that the flow is locally brecciated; however, in other localities alteration fronts produce a brecciated appearance in otherwise coherent flows.  Petrographically and geochemically similar rhyolite flows and breccia are common at the stratigraphic top of the Boot Harbour assemblage and within the Pilley’s Island terrane. Several attempts to date these rocks failed due to lack of zircon. 

The sample of Hayward’s Bight rhyolite yielded a fair number of zircon grains ranging in size from 75 to 250 µm. Grains retrieved from the sample include euhedral prismatic grains, as well as subfaceted – subrounded crystals. Most of the zircon grains are fractured and contain numerous inclusions. BSE – SEM imaging reveals faint growth zoning in most grains (Fig. 13G; grain 9534-2). SHRIMP II analyses from the rhyolite define a single age population (Fig. 13C; Table A1). A weighted average 206Pb/238U age of these analyses is calculated to be 464.5 ± 1.6 Ma (MSWD = 0.62; probability = 0.97; n=39). Taking into account the associated error on the standard zircon grains analyzed on the SHRIMP grain mount, the crystallization age of the rhyolite is interpreted to be 465 ± 4 Ma. 
RAX08A-679 (z9681): Mud Pond Assemblage Tuff

The mafic volcanic rocks of the Mud Pond assemblage are stratigraphically overlain by a sequence of bedded siliceous cherty tuff, grey chert, radiolarian jasper and minor wacke. A sample of siliceous tuff was collected to constrain the age of felsic magmatism (Fig. 10E). 

The sample yielded abundant high quality zircon grains ranging in size from 75 to 200 µm, including euhedral stubby prismatic to elongate crystals, grains with pronounced tips, and equant, multifaceted crystals. BSE and CL – SEM imaging reveals growth zoning in most grains (Fig. 13H; grain 9681-45) and some inherited core-rim relationships (Fig. 13I; grain 9681-26). SHRIMP II analyses from the tuff are dominated by a single age population (Fig. 13D). A weighted average 206Pb/238U age of these analyses is calculated to be 464.7 ± 1.5 Ma (MSWD = 0.87; probability = 0.70; n=39). Taking into account the associated error on the standard zircon grains analyzed on the SHRIMP grain mount, the crystallization age of the tuff is interpreted to be 465 ± 4 Ma. Four analyses yielded significantly older ages ranging from ca. 950 to 1080 Ma that are interpreted to be inherited from continental basement (Fig. 13D; analyses 1.1, 26.1, 31.1 and 76.1; Table A1). 
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