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Abstract

The Cambro-Ordovician Victoria Lake Supergroup lies within the Exploits
Subzone of the Newfoundland Appalachians and consists of felsic volcanic rocks with
lesser amounts of mafic pillow lava, mafic and felsic pyroclastic rocks, chert, greywacke
and shale. The group is a composite and structurally complex assemblage of volcanic,
volcaniclastic, and epiclastic rocks which formed in a variety of island-arc, rifted arc,
back-arc and mature-arc settings. It is divisible into several separate volcanic terranes that
include the Tulks and Tally Pond belts.

The Tally Pond Group comprises Cambrian island-arc felsic pyroclastic rocks
with intercalated mafic volcanic rocks and epiclastic volcanic and sedimentary rocks. The
group hosts numerous volcanogenic massive sulphide deposits including the Duck Pond
and Boundary deposits, the largest undeveloped VMS deposits in the Victoria Lake
Supergroup. In the area of the Duck Pond deposit these rocks form two structurally
juxtaposed sequences, the Upper block and the Mineralized block which form a structural
window through an overthrust package of Ordovician sedimentary rocks.

1:50 000 scale mapping and geochemical studies in the Tally Pond area have
resulted in new interpretations of the local geology and a redefinition of the Tally Pond
belt. The Tally Pond belt is now elevated to group status, composed of four distinct rock
formations comprising Cambrian island arc felsic pyroclastic rocks with intercalated
mafic volcanic rocks and epiclastic volcanic and sedimentary rocks.

The oldest rocks in the study area are arc plutonic rocks of the Crippleback Lake
Quartz Monzonite which forms the original basement to theTally Pond Group. The Lake
Ambrose Formation is a sequence of dominantly mafic volcanic rocks comprised of
vesicular and amygdaloidal, generally pillowed, flows and mafic to andesitic tuff,
agglomerate and breccia that were unconformably deposited upon the Crippleback Lake
Quartz Monzonite. The mafic volcanic rocks are intercalated with felsic volcanic rocks of
the Boundary Brook Formation that consist of flow banded and massive rhyolite, felsic
breccia, lapilli tuffs and quartz porphyry. Both of these rock units were intruded by small
stocks and dykes of quartz porphyritic rhyodacite that may be coeval with the volcanic
rocks in places.

An extensive unit of black shale mélange is in tectonic contact with the volcanic
rocks of the Tally Pond Group. The mélange consists of volcanic and sedimentary clasts
set in a matrix of fine-grained black shale. The mélange unit is also in contact with a
volcaniclastic and epiclastic sequence of sedimentary rocks, the Burnt Pond Formation.
This unit is dominated by greywacke and conglomerate containing volcanic detritus
interpreted to be derived from the adjacent and underlying volcanic rocks. Dykes, stocks,
and small plutons of medium-grained gabbroic-dioritic rocks intrude all of the rocks of
the Tally Pond Group.

The youngest rocks in the study area are conglomerates and coarse-grained
sandstones of the Rogerson Lake Conglomerate. The unit was deposited during the
Silurian and contains volcanic clasts from the underlying volcanic sequences of the Tulks
belt and Tally Pond Group.
































































































































































































































































































































































































CHAPTER 4
TRACE AND RARE EA TH ELEMENT GEOCHEMISTRY OF VOLCANIC,

SUBVOLCANIC AN ' I1. TRUSIVE ROCKS

4.1 Preamble

The analysis of tra  and rare earth element geochemical data is a valuable tool in
understanding and interprt ‘ng the petrology and petrogenesis of igneous rocks. Trace
elements are more capable of discriminating between petrological processes than the
major elements and are us . to assess the validity of petrogenetic and tectonic models.
Trace elements are often ¢ ssified and studied in groups and deviations or systematic
changes from, and within, roup behavior are used to indicate varying petrological
processes. The value of tr 2 element data for igneous geochemistry lies in the inherent
nature of some trace elenr s to resist hydrothermal and metamorphic alteration and
remain immobile in the r«

This chapter disct es the trace element and rare earth element (REE)
geochemistry of the repre ntative lithologies of the Tally Pond Group including: 1)
mafic volcanic rocks of tt Lake Ambrose Formation; 2) felsic volcanic rocks of the
Boundary Brook Formati ; 3) felsic quartz-feldspar porphyritic rocks; and 4) mafic

intrusive rocks of the Has »on Gabbro. The purpose of this geochemical investigation is
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primarily directed toward solving petrogenetic and tectonic, rather than alteration-related,
problems. First, each of the different exploration zones and mineral occurrences will be
described independently. The data will be used to categorize and classify lithologies
based on composition and alkalinity. Second, the nature of the various paleotectonic
environments that are represented by these volcanic rocks is discussed. Finally, rocks of
the Tally Pond Group will be compared to other volcanic sequences in the Victoria Lake
Supergroup and Newfoundland Dunnage Zone.

The samples submitted for geochemistry were collected throughout the Tally
Pond Group with a particular emphasis in the Tally Pond area due to the extensive
coverage of diamond drilling. Their selection was based on the need to provide a wide
geochemical coverage for the various rock units in the Tally Pond area. Where possible,
samples were collected from the interior of pillows and high level intrusions; samples
showing excessive alteration, veining, or weathering were discarded. The samples
include mafic flows and pillow lavas, gabbroic to dioritic intrusions, rhyolite and dacite
from the Upper block, rhyolite and dacite from the Mineralized block, quartz porphyritic
rhyolite and mafic dykes. The results are presented in Table A.1.

All geochemical analyses were performed at the Department of Earth Sciences,
Memorial University of Newfoundland. Major-element oxides and selected trace element
analyses were performed on pressed powder pellets using X-Ray Fluorescence (XRF)
spectrometry, following the procedures of Longerich (1995). The REE were analyzed by
inductively-coupled plasma mass-spectrometry (ICP-MS) following the HF-HNO;3; and

NayO, preparation methods of Longerich er al. (1990) and Jenner et al. (1990). Details
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regarding these analytical techniques, sampling protocol, elements analyzed, analytical
methods, precision and accuracy of each method are outlined in appendices A and B.

In addition, geochemical data from exploration company archives has been added
to this study ~ r comparison and to provide a better spatial coverage throughout the Tally
Pond Group. Geochemical data, from the southwestern end of the Tally Pond Group
including the Lemarchant, Higher Levels, Beaver Pond, Spencer’s Pond and Rogerson
Lake prospects, were obtained from the Noranda Exploration archives. The data from
Spencer’s Po: | and Rogerson Lake along with the South Tally Pond prospect were
supplemented by more recent geochemical data derived by Altius Minerals Corporation.
Data from the northeastern section of the Tally Pond Group, and the West Tally Pond
area were supplied by Buchans River Ltd. It should be noted that the geochemical data
from these companies is incomplete compared to the data analyzed for this study and as
such not all of the exploration company data is used in the analysis.

In the following discussion, the data are separated into seven geographically
separate mineralized zones that each contain several mineral occurrences (Figure 4.1).
The Duck Pond zone encompasses the area between Tally Pond northward to Moose
Pond and incl 1ies the Duck Pond Deposit, Boundary Deposit, East Pond and the North
and South Moose Pond prospects. The Lemarchant-Spencer’s Pond zone is located to the
East of Rogerson Lake and includes the Lemarchant prospect and Spencer’s Pond
showing. The Iigher Levels zone consists of a series of exploration grids that is located
south of Lost Pond and east of Lake Ambrose. The Rogerson Lake-Beaver Pond zone
occurs to the st of Rogerson Lake and extends northeast to the Beaver (Lost) Pond area.

The South Ta / zone occurs southeast of Lake Ambrose extending towards Rogerson
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following the suggestions of Wood et al. (1979), Sun (1982), and Swinden et al. (1989,
1997). Within these environments, a number of distinct petrochemical subtypes are
recognized and allow for greater understanding of the finer structures of the tectonic
settings.

Nonarc oceanic volcanic rocks are derived from heterogeneous mantle sources in
which there are neither anomalous enrichments nor depletions in elements of similar
geochemical character. Swinden et al. (1997) recognized three principal magmatic types
of nonarc volcanic rocks based primarily on the behavior of the most incompatible
elements. Normal mid-ocean ridge basalts (N-MORB) are depleted in the most
incompatible elements and represent tholeiitic, mafic volcanism from segments of
spreading ridges in major oceans or back arc basins. Ocean island basalts (OIB) are
characterized by enrichment in the most incompatible elements and correspond to
tholeiitic to alkalic volcanism related to hotspot or mantle plume activity. Enriched mid-
ocean ridge basalts (E-MORB) represent tholeiitic volcanism from segments of spreading
ridges affected by hotspot or plume activity, and have incompatible element patterns
intermediate between those of N-MORB and OIB.

Oceanic volcanic rocks resulting from magmatism influenced by subduction are
considered to exhibit an enrichment in LFSE (represented in altered rocks by Th) relative
to the most incompatible HFSE (Nb and/or Ta), and a depletion in Nb relative to La.
There are five distinct magmatic types recognized in arc volcanic rocks (Swinden er al.,
1997). Boninites (BON) are intraoceanic subduction zone volcanics that display a strong
depletion in incompatible elements. Island arc tholeiities (IAT) represent partial melting

of a mantle source that has been contaminated by mass transfer from a subducting slab

113



and are characterized by depletion of the most incompatible elements and a negative Nb
anomaly. Transitional island arc tholeiites (TIAT) form in back arc basins, have
geochemical characteristics transitional between N-MORB and IAT with depletion of the
most incompatible elements and a weakly developed arc signature. Calc-alkalic basalts
(CAB) represent partial melts of subduction-contaminated mantle sources and are
enriched in the highly incompatible elements with strong negative Nb anomalies. High-
magnesian andesites (HIMAG) are andesites characterized by high MgO, Cr, Ni and have
HFSE, LFSE, and REE abundances that are more typical of CAB than BON. HIMAG are
interpreted to represent hydrous partial melting of subduction contaminated mantle
sources in island arc settings (Swinden et al., 1997).

Two mobile elements that are commonly used in basalt petrogenesis are iron and
magnesium as the fractionation between these elements is commonly defined as a
differentiation index (Coish, 1977). In this study, the atomic [100 x Mg]/[Mg + Fe] ratio
is used and referred to as the magnesium number (Mg#). Experimental studies (Ellis,
1968; Bischoff and Dickson, 1975), coupled with studies of ancient pillow lavas (Cann,
1971; Coish, 1977; Humphris and Thompson, 1978) and modern seafloor basalts (Alt and
Emmermann, 1985) demonstrate that Mg is a major reactant in the hydrothermal
alteration of basalts. Mg from seawater is taken up by basalt during chlorite-forming
reactions whereas total iron is essentially conserved. The most important factor relating
to the amount of Mg uptake during basalt alteration is the effective water/rock ratio of the
system, as the amount of Mg-addition is proportional to the water/rock ratio (Seyfried et
al., 1978; Mottl and Seyfried, 1980; Mottl, 1983). These chemical changes during

hydrothermal alteration are considered to be less intense in pillow cores rather than the
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rims because the cores are altered at lower water/rock ratios and the cores contain more
crystalline material from which elements are less easily mobilized than the glassy
material at the rims (Coish, 1977).

Previous studies (Alt and Emmermann, 1985; Seyfried et al., 1978) show that in
rock altered at low water/rock ratios, changes in the Mg# are considered to be small to
negligible. The Mg# exhibits consistent linear relationships with the immobile elements
in petrogenetically related rock suites in the Tally Pond Group suggesting that alteration
has not substantially affected the Mg# of these rocks. Consequently, the Mg# and
FeO/MgO ratio are used in this study as indices of fractionation (cf. Swinden, 1987;
Swinden et al., 1990; Dunning et al., 1991) because ferromagnesian minerals that
crystallize at high temperatures are more magnesian than those that crystallize at lower
temperatures. As a result, the Fe/Mg ratio of residual magma increases in the early and
middle stages of fractional crystallization in practically all igneous rock suites.
Consequently, this ratio may be used to represent the degree of fractional crystallization
as rocks with low Fe/Mg ratios (high Mg#’s) are considered to have formed at higher

temperatures and to be more primitive than those rocks with high Fe/Mg ratios (low

Mg#’s).

4.3 Trace element discrimination diagrams for rock classification
4.3.1 Introduction

Before attempting to interpret the geochemical and tectonic significance of the
volcanic rocks in the Tally Pond Group, it is necessary to subdivide them into

geologically meaningful groups. As a first pass in understanding the geochemical
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signatures, the s 1ples are plotted on a discrimination diagram which distinguishes the
various volcanic ock type differentiates and magma series. The bivariate, log-log scale
plot of Nb/Y vs. -_r/TiO2 (Winchester and Floyd, 1977) is used to distinguish the various
rock types in m« morphosed and altered volcanic rocks. The Zr/TiO; ratio is taken as a
measure of frac mnal crystallization, as this ratio tends to increase with increasing
fractional cryst: 1ization since Ti is an incompatible element during basalt fractionation
but the subsequ t crystallization of an oxide (such as magnetite) causes Ti to become
compatible. The Nb/Y ratio varies little with fractionation and this ratio is taken to
correspond to p ental controls and degree of alkalinity of the source (Barrett and

MacLean, 199< as Nb increases from tholeiitic to alkalic compositions.

4.3.2 Results

On the >t of Nb/Y vs. Zr/TiO; (Figure 4.2a) the volcanic and intrusive rocks
within the Duc’ Pond zone define a bimodal distribution with three well defined groups.
Mafic volcanic >ck of the Lake Ambrose Formation have Zr/TiO; ratios ranging from
0.003 to 0.1 ar NDb/Y ratios that vary between 0.006 and 0.2 and span the compositional
range of sub-a ilic basalt or basaltic-andesite with one sample plotting in andesite field.
Harpoon Gabt intrusive rocks have approximately the same Zr/TiO; ratios but exhibit
higher Nb/Y r: 0s of 0.3 to 0.5 and are restricted to the field of subalkaline basalt with
minor overlap to the andesite field.

The fe c rocks of the Boundary Brook Formation of the Duck Pond zone are
classified as l: ely rhyolite with some samples falling in the rhyodacite field. The rocks

are divisible i1 ) three sub-fields. The majority of felsic volcanic rocks contain Zr/TiO,
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andesite and dacite with two samples being more alkaline and falling in the trachytic
andesite field. Boundary Brook Formation volcanic rocks have fairly restricted Zr/TiO,
ratios (0.07-0.2) and a large variation in the Nb/Y ratio which varies from a low of 0.08
to a high of 1.7. These rocks are mostly rhyolite with some samples overlapping into the
rhyodacite field and others having the composition of trachyte/andesite.

The Lemarchant-Spencers Pond zone (Figure 4.2f) Lake Ambrose Formation
volcanic rocks are alkaline basalt, Nb/Y ratios >0.7, with one sample having a Nb/Y ratio
of 0.5 and classified as a subalkaline basalt. The intermediate rocks generally fall into the
lower dacite/rhyodacite field but several samples fall into the trachyte/andesite and
andesite field. Felsic rocks of the Boundary Brook Formation are similar to those from
the Rogerson Lake-Beaver Pond zone, they have small variations in the Zr/TiO; ratios
(0.08-0.27) and a large variation in the Nb/Y ratio (0.1-3). However, unlike the Rogerson
Lake-Beaver Pond felsic rocks, the Lemarchant-Spencers Pond zone felsic volcanic rocks

are dominantly trachytic andesite with minor rhyolite samples.

4.4 Normalized Rare Earth Element Geochemistry
4.4.1 Introduction

The rare earth element geochemical data for volcanic rocks of the Tally Pond
Group is utilized to interpret the magmatic affinity and tectonic setting of the various
rock types. The main elements used in these diagrams are the HFSE and the REE and Th.
Th is a LFSE, but unlike other elements in the group, is resistant to alteration and
metamorphic effects, and therefore provides the only opportunity to compare the primary

behavior of these two different groups of elements in altered volcanic rocks. This is
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important because the geochemical behaviour of the LFSE and HFSE is known to reflect
the geological processes that are specific to differing tectonic environments. To compare
the behavior of these different elements, they are plotted according to their bulk
distribution coefficients with the most incompatible elements on the left increasing to the
right in compatibility during partial melting of a peridotitic mantle that gives rise to a
normal mid-ocean ridge basalt. The elements are normalized relative to the abundances in
the primitive mantle (Wood, 1979), the hypothetical reservoir that existed after core
separation, but prior to crust/mantle differentiation. There are other possibilities for
normalizing factors available, e.g., Mid-ocean ridge basalt (MORB) and chondrite.
Although the primitive mantle is a hypothetical reservoir, its composition is tightly
constrained (Jenner, 1996). A customized primitive mantle normalized plot is used in this
study, similar to those of Swinden er al. (1989, 1990) and Dunning ez al. (1991), in which

only those elements resistant to alteration are plotted.

4.4.1 Results

The geochemical REE-data for the Duck Pond zone are presented in appendix B.1
and graphically as Figures 4.3 to 4.7. In this section the mafic volcanic and intrusive
rocks are discussed first, followed by an examination of the felsic volcanic rocks from the
hangingwall and footwall of the Duck Pond deposit.

Mafic pillow lavas of the Lake Ambrose Formation from the Duck Pond zone are
characterized by moderate LREE enrichment (La/Yb = ~2) with flat gently sloping
extended REE patterns (Figure 4.3). The samples range between 2 to 11x primitive

mantle values for the LREE and 4 to 5x for the HREE. They display prominent negative
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Nb and Ta anomalies and positive Th  1omalies with respect to La and Ce which is
typical of island-arc, subduction relat  lavas (Swinden et al., 1989). These samples also
have prominent negative Zr and Hf a1 nalies with respect to the adjacent REE and less
obvious to no negative Ti and Y anon ies of varying magnitude.

Extended REE patterns for the Harpoon Gabbro mafic intrusive rocks are
illustrated in Figure 4.4. The rocks a enriched in the incompatible elements and are
characterized by steep, relatively flat tended REE patterns (La/Yb = 3.5 to 4.9). Both
samples are slightly enriched in Zr, H and Ti relative to bordering REE. The prominent
negative Ta anomaly in sample 284 is likely due to incomplete dissolution during the
sodium peroxide sinter digestion method used to analyze the sample, and does not
represent an actual depletion in Ta. T :internal check of Zr and Hf analyzed by ICP-MS
and XRF indicates that there are no fi her dissolution problems with the REE. Both
samples have anomalously high Ti cc :entrations that are not present in corresponding V
anomalies (section 4.52, Figure 4.10), thereby signifying that the anomalies are not the
result of iron oxide crystallization. TI most likely source of these anomalies is the
presence of leucoxene, rutile or anotl  Ti-rich phase related to alteration. The mafic
intrusive rocks are enriched in the L1 =, MREE, HREE and Th relative to the mafic
volcanic rocks.

The extended REE plots (Fig s 4.5, 4.6) for the Boundary Brook Formation
felsic volcanic rocks from the hangir wall of the Duck Pond deposit are characterized
by enrichment of the LREE relative 1 the HREE (La/Yb = ~3.7) and slightly concave
upward patterns consistent with depl >n in the MREE and HREE suggesting a control

by amphibole fractionation (unlike tt mafic samples). The samples range between 10 to
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fall into the within-plate basalt field — D and two samples plot as calc-alkaline basalts in
field C.

To distinguish IAT from other magma types, particularly MORB, their
characteristics must be identified and utilized; these are the selective enrichment of Th
relative to other elements (particularly the MREE and HREE) and the relative depletion
of Ti and Y, and sometimes Zr (and Hf) and Nb (or Ta), relative to N-MORB. In IAT, Th
enrichment is not accompanied by the simultaneous enrichment in Nb, Zr and Ti as it is
in WPB or Nb in E-MORB (Pearce, 1996). Therefore, IAT may be characterized by
higher Th/Ta ratios. With the addition of Hf to produce a Hf/3-Th-Ta diagram (Wood et
al., 1979), IAT and the different types of MORB can be distinguished. N-MORB
occupies a field closest to the Hf apex while E-MORB and WPB plot with lower Hf/Ta
ratio. The IAT field can be subdivided based on the Hf/Th ratio. Mantle
enrichment/depletion and melting events above subduction zones are affected by the
selective enrichment of the mantle in subducted Th and consequently cause the source
composition to move toward the Th apex of the triangle. Therefore volcanic rocks that
experienced high degrees of subduction zone enrichment are represented by lower (< 3)
H{f/Th ratios (Pearce, 1996; Rollinson, 1993).

Mafic volcanic rocks of the Boundary Brook Formation (Figure 4.9) are
characterized by low Ta contents, and Hf/Th ratios that vary between 0.6 and 2.2 with an
average value of 1.3. All of these rocks plot in the island arc tholeiite field. The one
sample from the Harpoon Gabbro has a higher Ta content and a slightly higher Hf/Th

ratio of 2.3. This sample falls in the E-MORB/WPB field on the Hf/3-Th-Ta diagram.
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Continental IAT differ from oceanic IAT in their higher Ta, Nb, Zr and Hf
concentrations, therefore ratios such as Zr/Y and Nb/Y are used as to distinguish between
oceanic and continental IAT. A logarithmic Zr—Zr/Y diagram (Pearce and Norry, 1979) is
used to for this purpose and discriminates between basalts from volcanic island arcs,
MORB and WPB. By plotting the Zr/Y ratio against the fractionation index Zr, volcanic
arc basalts plot in fields A and D, MORB in fields B and D, and WPB in field C. This
diagram (Figure 4.11) can also be used to subdivide the mafic rocks of Lake Ambrose
Formation of the Tally Pond Group into those belonging to oceanic arcs, where only
oceanic crust is used in arc construction, and arcs developed at continental margins. The
fields are separated on the basis of a Zr/Y ratio of 3. Oceanic arcs plot in the field with
Zr/Y ratios less than 3, while continental arcs plot with higher Zr/Y values and Zr
contents.

Lake Ambrose Formation volcanic rocks from the Duck Pond and West Tally
Pond zones (Figure 4.11a) contain Zr contents that vary from a low of 30 to a high of 70
ppm. The majority of samples plot in field B with overlap into field C, the fields defined
by island-arc basalts and MORB. Zr/Y ratios have values between 2 and 5 and most
samples fall in the field of ambiguity between continental and oceanic arcs. Harpoon
Gabbro intrusive rocks from the Duck Pond zone are characterized by higher Zr contents
(10 to 250 ppm) and higher Zr/Y ratios of between 5 and 6. These samples consistently
plot into field A, that of within-plate basalts. Data for the Lemarchant, Higher Levels and
Rogerson Lake-Beaver Pond zones exhibit the same general Zr contents; however, some
samples have higher Zr/Y and plot outside the defined geochemical fields. Most samples

show a continental influence as Zr/Y ratios are greater than 3.
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Figure 4.12 is a binary diagram from Swinden et al. (1989) where Y is plotted
against the Nb/Th ratio. The Nb/Th ratio is a measure of the extent of Nb depletion and
Th enrichment in the magma source in that it separates arc signatures with a low Nb/Th
ratio from non-arc signatures with higher Nb/Th ratios. Y provides an indicator of the
relative incompatible element depletion in the magma as very low Y concentrations
indicate highly depleted rocks that may constitute second stage melts. The stippled field
of overlap between fields is due to the gradational nature of the geochemical boundarie
between the differing rock types and from the uncertainties in the analytical techniques
utilized (Swinden et al., op. cit.).

Data from the Duck Pond and West Tally Pond zones are characterized be
extremely low Nb/Th ratios. All of the samples contain Nb/Th ratios of less than 2.5,
except for one anomalous sample that has a value of approximately 6. The mafic volce
rocks of the Lake Ambrose Formation lie in the field of normal arc magmatism, with «
mafic intrusive sample falling in the field of overlap between the normal arc and non-:
signatures. This diorite dyke has a Nb/Th ratio that is over three times a high as the
volcanic rocks and is considered to have a non-arc signature. There is a wide range of
values in these rocks, from a low of 11 to a high of almost 50. This may result from
differences in the source reservoirs and/or the various degrees of fractionation betwec
the different rocks; with the more differentiated rocks having lower Y contents.
Alternatively, mass changes and Y mobility due to hydrothermal alteration may be
responsible.

The linear bivariate plot of Zr and Ti (Pearce and Cann, 1973) is used to

subdivide the mafic rocks into four separate geochemical fields. Fields A, C, and D ¢
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these elements are mobile during alteration and their use is not always practical

volcanic rocks. Consequently, TiO; and V are utilized because they vary propor
with FeO in the non-alkaline series (Miyashiro, 1974, Shervais, 1982). TiO; cor
typically increase with differentiation for tholeiitic rocks, while TiO; decreases

fractionation in calc-alkaline magmatism. V concentrations generally follow thc
and as a result, increasing or decreasing TiO, and V with fractionation (represer
the FeO/MgO ratio and Mg#) can be used as an indicator for tholeiitic and calc-
magmas, respectively.

The plot of TiO; versus Mg# (Figures 4.17a-e) for mafic rocks of the La
Ambrose Formation of the Tally Pond Group highlight the range of rock varieti
and illustrate geochemical relationships within the group. Mg#’s range from 50
the West Tally Pond, Duck Pond, Rogerson Lake-Beaver Pond zones, to 40 to 6
Higher Levels zone while the South Tally Pond zone has Mg#’s that range from
with the majority having Mg#’s between 30 and 60. TiO, data appear to increas
decreasing Mg# in the Duck Pond, West Tally Pond, Rogerson Lake-Beaver Po
Higher Levels zones; the data suggest a weak correlation as the samples at low ~
concentrations span a range of Mg# and permit different correlation trends to be

There is considerable scatter in the samples from the South Tally Pond zone san

no trends are present in MG# between 15 and 55; some samples with the highest

however, generally have lower TiO; and are considered to be tholeiitic.
Some of the rocks of intermediate composition from the South Tally and

Tally Pond zones exhibit flatter TiO; enrichment trends with decreasing Mg#. ‘1
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source composition to trend towards the Th apex and into the IAT field (Dudas, 1992;
Pearce, 1996).

There are, however, ambiguities involved in these interpretations as the position
of average upper crust lies in the calc-alkaline end of the IAT field which suggests the
importance of continental cont: 1ination in magmas erupted in attenuated continental
settings. The continental tholeiitic rocks of the Tally Pond Group that plot in the IAT
field with Hf/Th ratios less than three are considered to have assimilated a Th-rich crustal
material, which displaces the magma away from the tholeiitic IAT or MORB fields
(Dudas, 1992; Pearce, 1987; Pearce, 1996). Naturally, this raises the question as to
whether the Th enrichment represents a true subduction component (i.e. an island arc
setting) or is the result of assim ition of continental crust. The easiest way to resolve this
ambiguity is to use the Th-Ta- diagram in conjunction with a projection that does not
rely on elements that are stror enriched in the crust such as Ti and V. These elements
are less sensitive to magma-c1  interaction and therefore actual IAT should plot in the
IAT field on both diagrams. C  he other hand, basalts that have been contaminated with
crustal material usually plot in @ IAT field of the Th-Ta-Hf projection and the MORB
field of the Ti-V plot.

The geochemical data  icate that the volcanic rocks of the Tally Pond Group are
viewed as broadly bimodal, w geochemical affinities to two tectonic environments.
The mafic and felsic volcanic ks have characteristics of island arc magmatism in their
HFSE and REE elements and in plate marginal fields on the Ti-Zr-Y diagram. All of
the rocks exhibit distinctive p  ive Th and negative Ta and Nb anomalies which

indicate that magmatism was = 1enced by a subducting slab (Swinden er al., 1989).
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and they interpreted these d ferences to represent different paleotectonic environments of
formation (Figure 4.20).

The primitive islanc rc volcanic rocks are represented by the mafic volcanic
rocks of the Cambrian Tall Pond Group, presented in the preceding discussion. The
Sandy Lake basalts exhibit similar island-arc signature as the Tally Pond mafic rocks,
however, the REE concent :ions are much more depleted than in the Tally Pond rocks
(Rogers and van Staal, 20C  and thus the Sandy Lake basalts may have chemical
affinities to boninites (Swi en et al., 1989; Evans et al., 1990). The Tulks Hill, Baxter’s
Pond, and Beatons Pond b 1ilts, exhibit mildly to highly depleted, relatively flat to
slightly concave profiles o primitive-mantle normalized multi-element diagrams. The
basaltic rocks of the Long ake sequence (Rogers and van Staal, 2002) are arc-like and
exhibit large Nb depletions with slight LREE-enrichment. These sequences are also
products of volcanism in a rimitive arc setting, but are considered to have been formed
during younger volcanic € :nts, Late Cambrian, ca. 505 Ma, for the Long Lake sequence
(Rogers et al., 2003) and ~ =smadocian for the Tulks Hill, Baxter’s Pond, and Beatons
Pond basalts (Evans et al., 1990).

Basaltic rocks inte reted to be rifted-arc sequences belong to the undated Upper
basalts of the Tulks Hill a emblage, Carter Lake formation basalts, and Lemotte’s Ridge
basalts, all of which are tt ught to overlie the Tremadocian Tulks Hill sequence. Each of
these rocks contain LREE :nriched, convex patterns on primitive mantle normalized
multi-element plots. The « stinct Nb depletions, indicative of arc volcanism are absent

from each of these sequer es and thus these rocks are interpreted to represent an arc-rift
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tectonic setting which encompasses the transition from island-arc volcanism to a rifted
arc setting (Evans and Kean, 2002).

Volcanic rocks with a back-arc signature are present in the Pine Falls formation to
the east of the Tally Pond Group. REE patterns for the basalts are convex and slightly
LREE depleted and may represet REE-enriched MORB (Evans and Kean, 2002). No
age data exist for these rocks.

Mature arc sequences exhibit fairly steep REE patterns and have strong positive
Th and negative Nb and Ti anomalies and plot on the calc-alkaline field on the Ti-Zr-Y
diagram and outside of the island-arc filed on the Ti-V diagram. Such rocks are
comprised of the Victoria Bridge basalts, Henry Waters and Number 5 Dam basalt
breccias, Valley Brook Basalts, Diversion Lake group and Lake Douglas basalts (Evans
and Kean, 2002; Rogers and van Staal, 2002).

The detailed geochemical studies of mafic and felsic volcanic sequences coupled
with precise U-Pb geochronology ¢ :arly indicate the composite nature of the Victoria
Lake Supergroup. There is a geochemical progression upward through the stratigraphy
from island-arc volcanism to arc ri ing and back-arc spreading. The volcanic and
intrusive sequences in the Victoria ake Supergroup span an age range of over 50 Ma
from Mid-Cambrian to Mid-Ordov ‘:ian. This time span is comparable to the entire
history of Iapetus as recorded in ¢« ral Newfoundland. This implies that the entire
Victoria Lake Supergroup consists “several temporally distinct island-arc, rifted-arc and
non-arc events that occurred more  in once rather than representing the older and

younger parts of a single, long livi  arc system.
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Felsic volcanic rocks in the footwall of the Duck Pond deposit have undergone
extensive silicification, chloritization, and sericitization with areas of local
carbonatization (Plate 5.1). Texturally, alteration consists of angular, brecciated cm-scale
fragments surrounded by a fine-grained siliceous matrix (Plate 5.2). The fragments
typically exhibit a jig-saw puzzle texture indicating in-situ origin of brecciation. The
cores of the fragments are locally grey and less altered suggesting that silicification
proceeded from the outer rims of the fragments inwards. The nature and amount of silica
indicate that the rocks have undergone widespread permeation by hydrothermal fluids.
Extensive zones, on the order of several tens to hundreds of metres, of the footwall are
pervasively silicified but are not brecciated. Locally portions of the altered footwall
consist of up to 75 per cent fine-to medium-grained pyrite. Base metals are typically
absent; however, minor amounts chalcopyrite and sphalerite are present in millimetre to
centimetre scale quartz veins. The pervasive alteration is interpreted to represent the
source area for the metals that now form the massive sulphide lenses, which were leached
from the felsic host rocks and subsequently transported to the site of deposition (Squires
et al.,2001).

Feeder pipe alteration consists of zones in which 25 to 100 per cent intense
chlorite alteration (Plate 5.3) of the footwall rhyolites occurs as numerous 100 m thick
tabular vertical zones that have very sharp contacts with the surrounding lithologies. The
alteration consists of stringers of massive black chlorite developed along fractures in the
host rhyolite. The intensity of the chlorite alteration is proportional to the distance from
both the pipe centre and massive sulphide lens. Sulphide minerals, dominantly pyrite and

minor chalcopyrite, are present in zones of greater than 50 per cent chlorite. The sulphide
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Electron microprobe analysis was conducted on 17 carbonate samples from the
Duck Pond deposit. Seven samples were from the intensely altered chlorite feeder zone;
five were from the mineralized chaotic carbonate zone with greater than 50 per cent
chlorite; four were from the unmineralized chaotic carbonate zone with less than 50 per
cent chlorite; and one sample was from an altered rhyolite sample from the hanging-wall

of the deposit.

5.3.2 Results

The microprobe analyses indicate that dolomite is the dominant carbonate species
present in the Duck Pond deposit with samples from each of the different zones showing
compositional diversities (Figure 5.2; Table C.1). The seven carbonate samples from the
chlorite feeder pipe consist of approximately 50 per cent Ca, 40 per cent Mg and 10 per
cent Fe. Five of the seven samples lie in the compositional range of ferroan dolomite,
while two samples have Mg/Fe ratios of less than 4 thus would be classified as ankerite.
The term ankerite is used here for material with Mg:Fe < 4:1. The five samples from the
mineralized chaotic carbonate zone contain the same Ca amount, are slightly more (3-5
per cent) Mg-rich and contain approximately 5 per cent Fe. These carbonates are also
dolomite. The most Fe-depleted carbonates from the Duck Pond deposit are the four
samples from the unmineralized chaotic carbonate zone. These samples are classified as
dolomite since they consist of equal amounts of Ca and Mg (~50 per cent) and contain
less than one per cent Fe. The one carbonate sample from the felsic volcanic rocks of the
hanging-wall is the most Fe-rich carbonate mineral. It consists of roughly 47 per cent Ca,

38 per cent Mg and 15 per cent Fe. The increase in Fe content compared to the dolomite
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samples and a Mg/Fe ratio of 2.5 means that the carbonate in the altered rhyolite is

ankerite.

5.4 Chlorite
5.4.1 Samples

The nine chlorite analyses include four analyses of two samples from the host
felsic volcanic rocks of the hanging-wall of the Duck Pond Deposit; four analyses of two
samples from the chlorite dominated portion of the mineralized chaotic carbonate zone;
and one analysis of chlorites from the intensely altered chlorite feeder pipes directly

beneath the Duck Pond deposit.

5.4.2 Results

Chlorites from the Duck Pond deposit span an extensive range in compositions
(Figure 5.3; Table C.2) based on sample location throughout the deposit. In the chaotic
carbonate alteration zone, Fe/(Fe+Mg) ratios are in the range of 0.07 and 0.09 and atomic
Si is restricted to between 5.6 and 6.0. These samples consist of a Mg-rich chlorite and
are therefore classified as chlinochlore, based on the classification scheme of Hey (1954).
Chlorite from the chlorite feeder zone contain greater concentrations of atomic Si (7-7.5)
and have an Fe/(Fe+Mg) ratio of 0.3 and is therefore classified as diabanite. The greatest
diversity in chlorite compositions is in the chlorite samples hosted by the altered rhyolite
rocks of the hanging-wall to the Duck Pond deposit. Fe/(Fe+Mg) ratios for all the
samples range from 0.39 to 0.41; there is, however, a larger disparity in atomic Si

contents. Two analyses with the lowest atomic Si concentration, approximately 5.4, are
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more Fe-rich and lie in the ripiodolite field; a further two analyses have atomic Si values
of 5.8 and 6.0, are more Mg-rich and are classified as pycnochlorite.

Chlorite compositions are plotted on a tetrahedron using the components Mg, Fe,
Si and Al. The tetrahedron is projected as a series of ternary diagrams (Figure 5.4) in
order to plot a three dimensional object on a two dimensional page. Chlorites from the
chaotic carbonate alteration zones are the least diverse samples from the Duck Pond
¢ _posit. Fe/Mg and Si/Al ratios are consistent and have a limited range in composition.
These chlorites have the lowest Fe/Mg ratios and contents. The altered rhyolite chlorites
have higher Fe/Mg ratios and are more Fe-rich and Mg-poor than the chaotic carbonate
samples. They have fairly consistent Si/Al ratios, but Mg/Al ratios are more variable. The
single chlorite feeder pipe analysis is a Si- and Mg-rich, Fe-poor chlorite that partially
overlaps the Fe-deficient chaotic carbonate chlorites. This sample contains a distinctly
high Al content which is interpreted to result from sericite contamination. The high K>O

content confirms this interpretation as there is no K present in chlorite.

55 Sericite
5.5.1 Samples

In total, 19 sericite analyses were performed using the electron microprobe and
include four analyses of two samples from intensely altered chlorite feeder pipes; another
six analyses of three samples from the altered rhyolite hanging-wall rocks; five analyses
of two samples from the chlorite-rich mineralized chaotic carbonate zone; and four

analyses of two samples from the unmineralized chaotic carbonate zone.
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5.5.2 Results

The term sericite is a general term used to describe a fine-grained member of the
mica group which may be muscovite, paragonite or illite. The data (Figure 5.5; Table
C.3) from the various areas of the Duck Pond deposit suggest that muscovite is the only
sericite (or mica) type in the Duck Pond deposit. Fe+Mg contents are below 10 per cent
for all samples except for one sericite from the altered rhyolite which has a value of
approximately 12 per cent. Si/Al ratios range from 1.13 to 1.24 for sericite from the
mineralized chaotic carbonate zone and altered rhyolite to an average value of 1.44 for
sericite from the altered chlorite feeder pipes and unmineralized chaotic carbonate zones.
The higher Si/Al ratios move the composition of these sericite from pure muscovite
towards a phengitic composition. Nonetheless the Si/Al ratios are too low for these
sericites to be phengite as pure phengite requires a Si/Al ratio of greater than three and
also displays a substitution of Mg and Fe for Al with increasing Si contents (Deer et al.,
1992).

In most of the samples from the Duck Pond deposit there is an inverse
proportionality between Al and Mg. All of the sericites are depleted in Fe and Al

substitutes for Mg with constant Fe concentrations.

5.6 Discussion

Chemical compositions of the alteration minerals chlorite, sericite and carbonate
are quite variable in the samples analyzed from the Duck Pond deposit. Chlorites from
the Duck Pond deposit contain a broad range of Fe/(Fe+Mg) ratios and atomic Si

concentrations. Those from the chaotic carbonate alteration zone have a restricted Si
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The variation in Fe and Mg contents in alteration zones associated with VMS
deposits is well documented. These deposits commonly show variations in the Mg/Fe
ratio when compared to the proximity to the site of hydrothermal discharge. Ferroan
chlorites occur in the core of stockwork feeder zones in mafic footwall rocks of Cu-Zn
deposits in the Archean Abitibi belt (Doucet et al., 1998). Whereas younger deposits tend
to be dominated by magnesian chlorites in their alteration feeder core. The chlorites and
carbonates in the feeder pipe and especially the chaotic carbonate zones are extremely
Fe-depleted indicating that the hydrothermal fluids that formed the Duck Pond deposit
were Mg-rich and Fe-depleted. Similar magnesian chlorites are reported from VMS
deposits in the Kuroko district of Japan (Hattori and Sakai, 1979; Urabe et al., 1983) and

Buchans (Henley and Thornley, 1981; Winter, 2000).
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CHAPTER 6

RADIOGENIC ISOTOPE GEOCHEMISTRY AND GEOCHRONOLOGY

6.1 Preamble

Radiogenic isotope data are important for the study of geochronology, igneous
petrogenesis, magma contamination, crust-mantle interactions, mineral deposit sources,
and can be readily applied to field based studies of volcanogenic massive sulphide
deposits. There are two primary types of information available from radiogenic isotopic
studies, age determination and isotopic source tracing and both are used to establish
relationships between lithological units and mineral deposits or internal histories of these
systems themselves. Radiogenic isotopes can also be used to delineate the sources of
certain components within the systems in terms of likely source reservoirs (Faure, 1986;
Heaman and Parrish, 1991; Richards and Noble, 1998). In areas such as the Red Indian
Lake region of central Newfoundland, igneous units and their basement rocks are present
from opposing sides of Iapetus. Temporal and spatial contrasts exist between both
basement and overlying rocks from both sides of the Red Indian Line and these contrasts

should therefore be present within the radiogenic isotopic signatures of the rock units.
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This chapter first discuses the systematics of the U-Pb radioactive decay system,
followed by its applicability to geochronology in the Tally Pond Group. U-Pb data are
presented for primary igneous zircons from volcanic and intrusive sequences in the Tally
Pond Group and detrital zircon data are given for overlying sedimentary sequences.
Secondly, the uses of Pb isotopes in igneous petrogenetical source tracing are
demonstrated as Pb isotope data for galena separates from the Duck Pond and Boundary
deposits of the Tally Pond Group are presented in an attempt to determine the potential
source areas of the sulphide mineralization and to compare to other VMS deposits

throughout the Dunnage Zone.

6.2 Uranium-Thorium-Lead Isotope Systematics

Lead is widely distributed throughout the Earth and occurs as four naturally
occurring isotopes, of which three, 2°°Pb (24.10 %), 2°7Pb (22.10 %), and 2%*Pb (52.40 %),
are the stable end-products of complex decay schemes from parent isotopes 2>*U
(99.2745 %), 2*°U (0.7200 %), and ***Th (100 %), respectively. The fourth isotope, 2*'Pb
(1.40 %), is non-radiogenic (i.e. not increased by the radioactive decay of U or Th) and is
treated as a stable reference isotope. The half-life of 2®U is 4.47 Ga and is comparable
with the age of the Earth, whereas that for 235U is 0.704 Ga and is much shorter, so that
almost all of the primordial 235U in the Earth has now decayed to 2°’Pb (Dickin, 1995).
The **>Th half-life is 14.01 Ga and is similar to the age of the universe. These extremely
long half-lifes are a valuable tool because U, Th and Pb isotopes can therefore be applied

over a broad range of geological time
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The relationship between time and initial and present-day Pb isotopic composition
for the U-Th-Pb systems can be expressed in three equations (Faure, 1986):

206ph204ph = [2%Pb/ 2" Pbinitial + [2CUA*Pb] (e*235' -1)

where A2z = (1.55125)*107"° a”; half-life = 4.468 Ga

207ph24Ph = [27PbAMPbinica + [SUA™Pb] (€*235' -1)

where J235s = (9.8485)*107'° a’!; half-life = 0.704 Ga

208p}, 204p}, — [298Ph2MPh ]l + [2Th2%Pb] (€*23," -1)

where l33; = (4.9475)*10°" a”'; half-life = 14.01 Ga
If the concentrations of U, Th, and Pb isotopes are measured and initial Pb concentrations
are either small enough to be ignored or can otherwise be adequately accounted for, the
equations can be solved for ¢, in the form:

t206 = [1/ *238]*In {{C**Pb/2**Pb) — C%Pb/2**Pb)initiar/ (C2UAMPb)] + 1}

The equations for *°’Pb and *?®Pb are solved similarly, resulting in three
independent chronometers that are based on three separate decay series. These equations
can be then used to verify if the material being dated has remained isotopically closed
with respect to U, Th, and Pb because closed (i.e. concordant) systems should give the
same date for all three chronometers. If the system has remained closed, the correct
values used for the initial Pb isotope ratios, the decay constants of U and Th known
accurately, the isotopic composition of U is normal, and all analytical results are accurate,
the three dates will be concordant and represent the age of the sample being dated (Faure,
1986).

U-Th-Pb data are usually presented on a plot of 2°’Pb/**°U vs 2%Pb/?38U, called

the concordia plot, in order to provide a visual basis for assessing concordancy. The
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concordia curve is contoured in time units and defines the locus of concordant ages for
both 223U and **°U decay and is used in the interpretation of samples that have not
remained isotopically closed, or discordant (Richards and Noble, 1998). If a U-Pb
analysis plots directly on the curve it is said to be concordant and the data record the time
at which the sample became isotopically closed, i.e. the time of igneous crystallization.
Nevertheless, analyses commonly plot off the concordia curve and are said to be
discordant. Discordant analyses can result from a number of factors such as loss of Pb as
well as gain or loss of U, and mixtures of old and newer sectors in mineral crystals
(Heaman and Parrish, 1991; Dickin, 1995). These factors may result from an episode of
metamorphism, continuous diffusion of Pb, or loss of microcapillary water and chemical
weathering near the Earth’s surface (Richards and Noble, 1998). However, with careful
evaluation, important information can still be obtained from discordant data. In many
situations, the 2°’Pb/?°U and 2%Pb/***U ratios of samples whose U and Pb concentrations
have been altered form linear or sublinear arrays, which are said to define a discordia.
The upper and lower intercepts with the concordia curve are usually significant in terms
of the times of original crystallization and subsequent isotopic system disturbance,
respectively.

In selecting a material suitable for U-Pb geochronology a number of factors must
be considered: 1) the material should have high U contents and minimal amounts of
common Pb at the time of formation; 2) the material being analyzed must be able to be
correlated with the geological process to be dated; 3) the material must be resistant to
isotopic exchange after formation; and 4) the material should be relatively common and

easily recoverable (Faure, 1986; Heaman and Parrish, 1991; Richards and Noble, 1998;
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Dickin, 1995). Whole rocks rarely satisfy these requirements and therefore minerals are
most frequently utilized (Richards and Noble, 1998). The most useful minerals and
commonly analyzed minerals in U-Pb geochronology are zircon (ZrSiO,), titanite
(CaTi[SiOs]), monazite (CePO4) and baddeleyite (ZrO;). Zircon has become the most
widely utilized accessory mineral for geochronology because it crystallizes from a wide
range of magma compositions and can also grow during metamorphism. Zircon is also a
mainstay for geochronological determinations due to its extremely high U/Pb ratio at the
time of formation and the ability of the zircon crystal to retain the daughter products of U
and Th radioactive decay. Zircon survives in the crust almost indefinitely (Mezger and
Krogstad, 1997) and therefore is easily recoverable for geochronology.

Age information can also be obtained from Pb isotopes in samples that do not
have high U/Pb or Th/Pb ratios. In these samples, the isotopic variations reflect the decay
of background levels of U or Th, which contribute to the bulk composition of Pb in the
system. In comparison to minerals that have high U/Pb or Th/Pb ratios, the observed
variations in Pb isotopic ratios are small, but this method has the advantage of being able
to study the bulk evolution of Pb in the system, rather than just within a single mineral
(Faure, 1986; Gariépy and Dupré, 1991; Richards and Noble, 1998).

Based on the assumption that at the time of formation of the Earth, or shortly
thereafter, the Earth was isotopically and chemically homogeneous, various models for
the isotopic evolution of Pb in the Earth have been proposed (Holmes, 1946;
Houtermans, 1946; Stacey and Kramers, 1975; Cumming and Richards, 1975). The
increase of radiogenic Pb isotopes (C°°Pb, 2°’Pb, 2®Pb) relative to ***Pb over time was

modeled using various parameters and tested against the compositions of Pb from
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stratiform orebodies of known age. The model proposed by Holmes and Houtermans
(1946) consisted of only a single stage of Pb isotope evolution throughout Earth history,
whereas the more refined models of Cumming and Richards (1975) and Stacey and
Kramers (1975) involved a second stage or continuous process of chemical fractionation
of U and Th from Pb, reflecting segregation of the continental crust (Gariépy and Dupré,
1991; Richards and Noble, 1998). These models can be illustrated on a plot of 206pp,204py,
vs 227Pb/?*Pb as Pb isotopic growth curves. The shape of the growth curve is determined
by the ***U and 25U decay constants and its trajectory by the >**U/”*Pb ratio or ‘p’ value
of the Pb source.

Model Pb-Pb ages can be obtained from a wide range of rock types from granites
to basalts to Pb-bearing ore deposits. These model ages yield reliable dates in samples
with a simple crystallization history; however, there are considerable problems in
interpreting model ages in systems where the Pb isotopes have been disturbed. This
results from the differences in mobility and geochemistry of U and Pb and from the
diversity of possible lead isotope constants because of the heterogeneity in concentrations
of U, Th, and Pb and the variability of U/Pb and Th/Pb ratios in crustal source rocks
(Faure, 1986; Gariépy and Dupré, 1991). It must be noted that model ages are simply a
measure of the length of time a sample has been separated from the reservoir from which
it was originally derived. The significance of model ages must therefore be evaluated
with considerable skeptism as often they have no geochronological significance.
Consequently, for this study the isotopic data from Pb-rich minerals are taken at face
value and chiefly used as an isotopic tracer for the source of Pb to distinguish between

the various reservoirs (e.g. mantle, lower crust or upper crust).
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6.3 U-Pb Geochronology - Thermal lonization-Mass Spectrometry
6.3.1 Introduction

Previous attempts to constrain the age of magmatism in the Tally Pond Group
were hampered by the scarcity of outcrop and the lack of geologically significant
dateable units. The volcanic sequences of the Tally Pond Group are also notorious for
being devoid of zircon, therefore a previous attempt (Dunning ef al., 1991) at dating the
Tally Pond Group utilized porphyritic felsic rocks that were interpreted as hybabyssal
intrusions. Two 513 + 2 Ma ages were obtained by Dunning ef al. (1991), however, these
data were interpreted to provided a minimum age for the Tally Pond Group and did not
constrain the main episode of volcanism or the age of volcanogenic massive sulphide
mineralization.

In order to rectify the shortfalls of previous geochronological attempts and the
regional tectonic and metallogenic significance of determining the age of volcanism and
timing of mineralization in the Tally Pond Group, U-Pb zircon geochronology was
conducted on a sample of felsic quartz crystal tuff from the Boundary Brook Formation
and from a sample of the Harpoon Gabbro that intrudes the Tally Pond Group. The
purpose of this has six separate objectives: 1) to determine the age of the main episode of
magmatism in the Tally Pond Group; 2) to constrain the age of volcanogenic massive
sulphide mineralization of the Boundary and Duck Pond deposits; 3) to determine the
relationship between the felsic volcanic rocks and felsic ‘intrusive’ rocks of the Tally
Pond Group; 4) to determine the age of the mafic rocks that intrude the Tally Pond

Group; 5) to resolve the temporal and spatial relationships between the Tally Pond Group
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and the various tectonic elements of the Victoria Lake Supergroup; and 6) to compare the
age of the Tally Pond Group to other Cambrian volcanic sequences throughout the
Appalachian Orogen.

With these objectives in mind, three samples were collected from drillcore in the
Tally Pond area surrounding the Duck Pond and Boundary deposits. In selecting samples
appropriate for geochronology, the zirconium content as defined by XRF analyses was
first used as a tool to discriminate between felsic volcanic sequences that might contain
zircon. Of the samples that contained moderate to high concentrations of zirconium, two
rhyolite flows from Duck Pond drillcore were selected for geochronology; one sample
from the hangingwall and one from the footwall. However, both of these samples
contained no zircon and were discarded. A third sample (JP-01-GC1) of a quartz crystal
tuff (Plate 6.1), obtained from drillcore in the immediate hangingwall of the Boundary
deposit, yielded numerous zircons and was dated by U-Pb zircon thermal ionization mass
spectrometry at the Geological Survey of Canada in Ottawa, Ontario. In addition, one
sample of the Harpoon Gabbro was selected from a coarse-grained outcrop at the top of
Harpoon Hill (Plate 3.17) and submitted for geochronology. Ages were calculated using
Isoplot ver. 2.21 (Ludwig, 1992) and represent a weighted average *°’Pb/*’°Pb age for
samples. The ages were calculated using the 23U (1.55125*107'° a') and #°U
(9.8485*107'? a™") decay constants and the present day 2*®U/*°U ratio of 137.88
determined by Jaffey et al. (1971). The error ellipses shown on the figures and all age
uncertainties are reported at 2c. A complete description of analytical techniques is given

in appendix D.
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6.3.2 TIMS U-Pb Results
6.3.2.1 Quartz Crystal Tuff

The quartz crystal ash tuff sample from the Boundary deposit yielded numerous
zircons which were separated into three fractions: 1) colourless, euhedral, stubby prisms
(Plate 6.2); 2) small, colourless, well faceted crystal tips (Plate 6.3); and 3) clear to pale
brown zircon fragments with numerous inclusions (Plate 6.4). All of the zircons contain
numerous internal and surficial fractures with growth zoning evident in several grains;
there are however, no visible cores. All three fractions have varying uranium contents
(Table D.1), from small amounts in fraction 1 (89 ppm) to more moderate amounts in
fraction 3 (132 ppm) and fraction 2 (231 ppm). All three fractions were strongly abraded
to remove the outer surfaces which are typically enriched in uranium due to Pb loss
(Plates 6.5, 6.6, 6.7). Two fractions (1 and 2) overlap Concordia (Figure 6.1), with similar
207pb/2%Pb ages of 510 and 509 Ma respectively. The third fraction (3) lies slightly
beneath concordia and gives a 2*’Pb/2%Pb age of 514 Ma, which could reflect slight Pb-
loss or incomplete zircon dissolution. With more weight given to the more precise

analyses (fractions 1 and 2) an age of 509 + 1 Ma has been assigned to this sample.

6.3.2.2 Harpoon Gabbro

The gabbro sample from the summit of Harpoon Hill contains numerous zircon
grains which were separated into six fractions ranging from nine grains (Z2) to 100 grains
(Z1) Plates 6.8, 6.9, 6.10). All fractions were strongly abraded to remove the outer

surfaces which are typically enriched in uranium due to Pb loss (Plates 6.11, 6.12, 6.13).
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The U-Pb results for all six fractions display some scatter and are less than 5%
discordant. Three fractions (Z2, Z3, and Z4) comprise stubby, well faceted clear prisms
that overlap concordia (Figure 6.2) with similar 207pp/2%Pph ages of 467 and 462 Ma.
Fraction ZS5 is reversely discordant, plots above the concordia curve and is considered to
result from the incomplete zircon dissolution; consequently this date is unreliable. A
small set of stubby, well faceted, diamagnetic prisms with minor inclusions comprise
fraction Z6. This analysis plots below concordia and has a **’Pb/*%Pb age of 503 Ma.
This analysis most likely results from the presence of minor inherited zircon coupled with
secondary Pb-loss. Fraction Z1 lies on concordia and gives a >’Pb/’%Pb age of 469 Ma,
which might result from a possible mixture of zircon from fractions Z5 and/or Z6 and
fractions Z2, Z3, and/or Z4. An alternate interpretation, and the one favored here, is that
the older age reflects an older (~470 Ma) inherited zircon component in this fraction.
With more weight given to the more precise analyses (Z2, Z3 and Z4) a date of 465 + 1

Ma is interpreted as the age of zircon crystallization and igneous emplacement.

6.3.3 TIMS U-Pb Discussion

The U-Pb data for the quartz crystal tuff indicate that the volcanic succession of
the Boundary Brook Formation is confined to an age of 509 +1 Ma. This data coupled
with field relationships, confirm that the main episode of felsic volcanism in the Tally
Pond Group is Middle Cambrian. The 509 Ma age also indicates that the quartz-feldspar
porphyritic rocks dated by Dunning et al. (1991) as 513 + 2 Ma are older than the
Boundary Brook Formation volcanic rocks which they were interpreted to intrude.

Therefore, these porphyritic rocks are not intrusions. Based on similar trace and rare earth
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element geochemical compositions and equivalent Middle Cambrian ages, it is proposed
that the quartz-feldspar porphyritic rocks are essentially comagmatic with the adjacent
Boundary Brook Formation felsic volcanic rocks. However, the possibility exists that the
quartz-feldspar porphyritic rocks may represent several phases that span several million
years in age. Field relationships in drillcore from the Duck Pond deposit define quartz-
feldspar porphyritic rocks cross-cutting flow banding and textures in the volcanic rocks
and contain chilled margins. Nonetheless, the 4 Ma age disparity (1 Ma within
uncertainties) between the porphyritic rhyodacite and quartz crystal tuff is interpreted to
be due to the porphyritic nature of the rhyodacite.

Extrusion temperatures for most rhyolitic lavas are between 800 and 1000°C
(Hall, 1996) which is similar to the U-closure temperature of zircon (Richards and Noble,
1998). However, at depth, increased pressure allows H,O to dissolve in the magma,
which in turn causes a significant lowering of the melting temperature by several hundred
degrees (Philpotts, 1990; Hall, 1996). This increase in pressure and dissolved H,O has
little or no effect on zircon solubility (Harrison and Watson, 1983). Once the rhyolitic
magma has cooled to below the closure temperature of zircon (ca. 800°C), zircon will
crystallize and the isotopic ‘clock’ will be set. In time, as the magma rises in the crust and
erupts, the decrease in pressure is proportional to the decrease in H,O solubility and both
these factors will cause an increase in the melting temperature and in so doing effectively
causing the residual magma to crystallize.

The 509 Ma age for the Tally Pond Group indicates that the group is separate, at
least temporally, from adjacent rocks of the Tulks Hill assemblage. U-Pb age dating from

the Tulks Hill assemblage indicates that this assemblage is Late Cambrian, 503 Ma (van

212



Staal, personal communication) and 498 +6/-4 Ma, to Tremadocian 495 +2 Ma (Evans et
al., 1990). However, a similar Middle Cambrian age of 505 Ma was obtained from a
felsic volcanic rock of the Long Lake assemblage (van Staal, personal communication).

The 465 Ma age for the Harpoon Gabbro indicates that the mafic intrusions in the
Tally Pond Group are Ordovician and therefore much older than previously thought, as
they were considered to be Silurian-Devonian (Kean and Jayasinghe, 1980; Kean, 1985;
Kean and Evans, 1988; Evans and Kean, 2002). This 465 Ma age represents the youngest
magmatism recognized in the Tally Pond Group and is comparable to similar Arenig-
Llanvirn ages from the Red Indian Lake area; 464 and 468 Ma for the Harbour Round
assemblage (Rogers and van Staal, 2002; Zagorevski et al., 2003) and 462 +4/-2 Ma from
the Sutherlands Pond assemblage (McNicoll, personal communication). The Harbour
Round and Sutherlands Pond assemblages, however, are considered to lie west of the Red
Indian Line and as such are part of the Peri-Laurentian Notre Dame Subzone, and
therefore are not related to the Harpoon Gabbro.

The intrusion of the Harpoon gabbro in the Tally Pond group is temporally
equivalent to magmatism in the Hermitage Flexure in southwestern Newfoundland.
Similar middle-Ordovician magmatic events are reported for the Bay du Nord group (466
+ 3 Ma; Dunning et al., 1990), the Margaree orthogneiss (465 + 3 Ma; Valverde-Vaquero
et al., 2000), and Bay d-Espoir groups (468 + 2 Ma; Colman-Sadd et al., 1992). In the
northeastern Exploits Subzone, the gabbro is also coeval, within limits of analytical error,
with Early and Mid-Ordovician arc volcanic and intrusive rocks in the Wild Bight and
Exploits groups. Late Arenig volcanism and hypabyssal intrusions are well documented

in the Lawrence Head Formation of the Exploits Group and show no geochemical
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characteristics of a subduction zone. These rocks comprise enriched tholeiitic and alkalic
basalt are interpreted to represent a 470-468 Ma volcanic and seafloor intrusive event
related to arc rifting and back-arc basin formation (O’Brien et al., 1997). The 463.7 + 2
Ma Thwart Island Gabbro (O’Brien et al., 1997) were intruded during the late stages of
this back arc basin. Similar geochemical and stratigraphic relationships are present in the
Wild Bight Group. Volcanic arc magmatism with calc-alkaline affinities and isotopic
evidence for minor crustal contamination are interpreted to have formed in a 472 Ma
volcanic arc along the Gondwanan margin (MacLachlan and Dunning, 1998). Gabbro
sills from the Wild Bight Group have been dated at 471 + 4 Ma and 472 + 2/-9 Ma
(MacLachlan and Dunning, 1998), have enriched tholeiitic to alkaline geochemical
signatures and represent subsequent rifting of this arc and formation of a marginal back
arc basin (Swinden et al., 1990). The involvement of peri-Gondwana continental crust
material during magmatism in the Exploits Subzone is clearly present as far back as the
Arenig. The presence of inherited Precambrian zircons in the 474 +6/-3 Ma
Partridgeberry Hills granite (Colman-Sadd et al., 1992) confirms this premise.

The 509 Ma and 513 Ma ages from the Tally Pond Group correlate with other
Cambrian volcanic sequences in the Appalachian Orogen. The New River Belt (Johnson
and McLeod, 1996) in southern New Brunswick consists of a faulted zone of
Precambrian granitoid rocks, the Ragged Falls pluton, and volcanic and sedimentary
rocks of Cambrian to Silurian age. One particular unit in the New River Belt, the
Mosquito Lake Road volcanics comprises a conformable sequence of rhyolite flows,
felsic crystal tuffs interbedded with feldspathic wacke, siltstone and mafic volcanic rocks

that grade laterally into epiclastic rocks. The Mosquito Lake Road volcanics and Ragged
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Falls pluton are unconformably overlain by Silurian quartz-pebble conglomerate of the
Matthews Lake Formation.

Rhyolite within the Mosquito Lake Road sequence yielded zircons that produced
an age of 515 +3/-2 Ma (Johnson and McLeod, 1996). This age, along with 555 +2 Ma
and 555 +10 Ma ages for the Ragged Falls pluton (Currie and Hunt, 1991), correlates
with ages for felsic volcanism in the Tally Pond Group and with the 563 +2 Ma and 565
+4/-3 Ma ages for the Valentine Lake and Crippleback Lake quartz monzonites,
respectively.

The Tally Pond Group is very similar in age, lithology, and metallogeny to the
Harborside-Blue Hill belt in Maine. U-Pb zircon ages of 509 +5 Ma and 502 +2 Ma are
reported for rhyolite from the Harborside volcanics (Ruitenberg et al., 1993). However,
there is evidence of zircon inheritance and discriminating between the differing ages is
complex. The Harborside belt also hosts the Harborside Mine and Leach deposit,
volcanogenic massive sulphide deposits hosted by felsic pyroclastic rocks, rhyolite
breccia and hyaloclastites. The deposits contain over 725 750 tonnes that average 5.5 %
Zn, 1.25 % Cu, 0.5 % Pb and 17.1 g/t Ag and approximately 90 000 tonnes that contains
8 % combined Cu and Zn, respectively (Ruitenberg et al., op. cit.).

The age and trace element characteristics of the Harpoon Gabbro suggest that this
intrusion and the temporally equivalent components of the Wild Bight and Exploits
groups represent different parts of the same Late Arenig to Llanvirn arc system. This arc,
termed the Victoria arc in Newfoundland, can be correlated with the Mid-Ordovician part
of the New Brunswick Popelogan Arc. The Popelogan Arc is characterized by ensialic

arc plutonic-volcanic complexes that were emplaced during the Arenig (479-474 Ma) in
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central and northern New Brunswick and adjacent Maine (van Staal et al., 1996). Mid-
Ordovician felsic volcanic rocks in Newfoundland and New Brunswick are considered to
represent the early phases of ensialic magmatism generated during the rifting of the
Popelogan arc, which produced the Exploits back-arc basin (van Staal and Williams,
1991). The hiatus of approximately 15 Ma between volcanism in the Tulks Hill sequence
and intrusion of the Harpoon Gabbro is interpreted to correspond to the collision,
exhumation and obduction of the Penobscot (Mid-Cambrian-Late Tremadoc) arc volcanic

rocks (Chapter 8).

6.4 U-Pb Geochronology - Laser Ablation Microprobe-Inductively Coupled
Plasma-Mass Spectrometry

6.4.1 Introduction

The analysis of heavy mineral fractions, particularly zircons, in clastic
sedimentary rocks is an important method for investigating the sedimentological history
of clastic rocks and can be used to fingerprint their sediment sources and depositional
histories. Zircon is a common accessory mineral in most rocks and is an often studied
component of detrital assemblages because it is extremely resistant to chemical
weathering and physical breakdown during transport. The range and frequency of the U-
Pb ages measured on detrital zircon populations therefore yields information relating to
the ages of crustal elements in the source region and the clastic transport pathway. This
becomes especially important in sedimentary sequences that lack individual
biostratigraphic marker beds, distinct stratigraphic horizons and dateable cross-cutting
intrusions. Geochronological data from the Rogerson Lake Conglomerate in central

Newfoundland were obtained in order to determine the maximum deposition age and
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6.4.3 LAM-ICP-MS U-Pb Results

Sample 71 — South shore of Rogerson Lake. U-Pb data for detrital zircons from the
Rogerson Lake Conglomerate from Rogerson Lake are listed in Table E.1 and plotted on
a concordia diagram in Figure 6.3. The 31 grains analyzed from the sample are split into
two groups that area well separated in frequency and age. The data (Figure 6.4) show one
major cluster of 30 analyses (a/-al3 and al5-a31) that produced 206pp/28 ages between
407 and 552 Ma. These zircons varied from 1 to almost 80 % discordant and show a
concentration of ages at ca. 495 Ma, representing a dominantly Paleozoic zircon source.
Although comprising only one grain (a/4) that is 23% discordant, a minor Late
Mesoproterozoic component is recognized with a **Pb/>%U age of 994 Ma and a
207pp/>33U age of 972 Ma. The majority of analyses plot either on concordia or slightly
above concordia; the negative discordance is due to either a high common Pb
contamination or to incorrect correction for U-Pb fractionation.

Sample 72 — Burgeo Road. A total of 80 single detrital zircon grains analyzed from
the Burgeo Road sample include both zircon populations of clear, colourless zircons and
clear, red zircons. The data (Table E.2) show that no age differences are apparent
between detrital zircons of different colour or morphology. The distribution of data points
in the concordia diagram on Figure 6.5 suggests that the ages of the sample have five
maxima. The majority of the zircons (70 grains) have ***Pb/>**U ages between 419 and
530 Ma that vary between 1-80 % discordant. These data (Figure 6.6) show a strong
concentration of ages at ca. 500 Ma with a minor concentration of ages in the 450-480

Ma range. The second cluster of ages is represented by analyses al, a2 and a28 with
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206pp,/ 238y ages of 759, 698 and 723 Ma, respectively that are between 6-15 % discordant
and bracket the age of the source at ca. 725 Ma.

The presence of Neoproterozoic and Late Mesoproterozoic components is indicated
by the cluster of zircon analyses at ages of 890 and 1030 Ma. Zircons al8, a43 and a66
are between 4-20% discordant and have ages between 838 and 915 Ma. Two analyses
(a23 and a31) produced ages of 1079 and 1016 Ma that are 27 and 9 % discordant,
respectively. Middle Mesoproterozoic ages of 1240 and 1480 Ma are represented by three
analyses (a38, a40 and a68). Zircon a68 has a 2%Pb/**%U age of 1244 Ma and a *“’Pb/>*°U
age of 1233 Ma; the analysis lies close to concordia and is 7% discordant. Analyses a38
and a40 produced 206pp/2381 ages of 1469 and 1487 Ma and 207pp/233U ages of 1481 and
1514 Ma, respectively. These ages are 2 and 8 % percent discordant and indicate the age

of the zircon component is approximately 1480 Ma.

6.4.4 Discussion

The new data from the two samples of the Rogerson Lake Conglomerate indicate
that the age spectra in these rocks are dominated by Paleozoic zircons with minor
Mesoproterozoic input. Both conglomerate samples contain over 80 % zircons that have
Paleozoic ages of between 419 and 552 Ma; however the majority of these grains have an
age in the 490-540 Ma range. These ages correspond well with the ages of Exploits
arc/backarc volcanic sequences and basement rocks in the Victoria Lake Supergroup that
are unconformably beneath the Rogerson Lake Conglomerate. Zircons derived from two
rhyolite samples of the Tally Pond Group have yielded U-Pb ages of 509 + 1 Ma and 513

+ 2 Ma (Dunning et al., 1991) and dating of a sub-volcanic porphyry of the Tulks belt
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yielded a Tremadocian age of 498 + 6/-4 Ma (Evans et al., 1990). A coeval quartz
monzonite intrusion in the Tulks belt also yielded a Tremadocian age of 495 + 2 Ma
(Evans et al., 1990). Therefore the Exploits arc volcanic sequences of the Victoria Lake
Supergroup, the Tally Pond Group and Tulks belt, represent the major component in the
sediment source to the Rogerson Lake Conglomerate. The ca. 540-560 Ma ages in the
detrital zircon population correlate with the Neoproterozoic Crippleback Lake and
Valentine lake quartz monzonite intrusive suites that nonconformably underlie the
Rogerson Lake Conglomerate.

The Rogerson Lake Conglomerate detritus also contains zircon populations that
are Ordovician, approximately 440-480 Ma. The source of these grains is most likely the
adjacent rocks of the Notre Dame arc; a collection of Arenig to Llanvirn calc-alkaline
volcanic rocks intruded by Lower to Upper Ordovician (488-456 Ma) magmatic arc
plutons (van Staal et al., 1998), represented by the Dashwoods Subzone. The Dashwoods
Subzone is located immediately to the west of the Rogerson Lake conglomerate sample
from the Cape Ray Belt at Burgeo Road and consists of medium- to high-grade
metamorphic rocks cut by tonalites and granites. Two of these plutons, the Cape Ray
Granite and Cape Ray Tonalite have been dated by U-Pb zircon geochronology and
yielded ages of 488 + 3 Ma and 469 + 2 Ma, respectively (Dube et al., 1996). A deformed
volcano-sedimentary rocks sequence, the Windsor Point Group yields a U-Pb zircon age
of 453 + 5/-4 Ma and is intruded by a pre-tectonic S-type granite, Windowglass Hill
Granite, that is 424 + 2 Ma (Dube et al., 1996).

The three detrital zircons ages in the ca. 725 Ma range are not correlated with any

known rocks in the Laurentian Basement or Notre Dame arc sequences. However, these
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ages may be related to the earliest stages of lapetan rifting along the Laurentian Margin.
Wanless et al. (1968) reported an igneous crystallization K-Ar age of 761 + 100 Ma for
mafic dykes of the Long Range Dyke swarm and ages between 760 and 702 Ma have
been reported for mafic dykes and rhyolites in the central and southern Appalachians (Su
et al., 1994; Tollo and Hutson, 1996; Tollo and Aleinkoff, 1992; Goldberg et al., 1986).
Late Neoproterozoic rift-related intrusive rocks are present along all the margins of
Laurentia (Hoffman, 1989), including the southwestern and northern Canadian Shield
(Kamo et al., 1995). One of these events, the Franklin dyke swarm located in Nunavut,
has been dated by U-Pb geochronology at 723 Ma (Heaman et al., 1992). This intrusive
dyke event may be related to a widespread episode of extension, break-up and rifting
along northwestern Laurentia and may in part be linked to a series of protracted or
repeated, large-scale intrusive events, including the Long Range dykes, that span over
200 Ma, and document the final breakup of the supercontinent Rodinia.

The possibility also exists that the 725 Ma zircons are Avalonian as similar 700-
760 Ma ages are found in the Burin Group (763 + 2 Ma) and Flemish Cap Granodiorite
(751 Ma). However, due to the absence of additional Avalonian ages and the fact that the
provenance source indicates a dominantly westward transportation direction of the
zircons, an Avalonian source for detritus in the Rogerson Lake Conglomerate is not
contemplated.

The Neoproterozoic (890 Ma) and Mesoproterozoic age groups (1030 and 1250
Ma) correspond with rocks of the Grenville Orogen, while the Middle Mesoproterozoic
ages (ca. 1500 Ma) are correlated with basement gneisses of the Grenville Orogen (Owen

and Erdmer, 1990). These Laurentian rocks contributed a minor quantity of the zircons
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which were analyzed in the Rogerson Lake Conglomerate. The Indian Head Inlier of
western Newfoundland contains several granitic gneiss units in the 800-900 Ma range.
Samples from the Stephenville area contain hornblende and biotite that yielded
undisturbed *°Ar/*°Ar spectra with ages of 880 and 825 Ma, respectively (Dallmeyer,
1978). K-Ar ages obtained from biotite yield ages that correspond with the *°Ar/*°Ar
data. A granitic gneiss unit was dated at 830 + 42 Ma (Lowden, 1961) and a 900 + 45 Ma
age was obtained from biotite in a pegmatite dyke (Lowden ez al., 1963).

A correlative of the Indian Head Inlier, the Long Range Inlier is the largest
exposure of basement rocks in the Newfoundland Appalachians and contains similar
Mesproterozoic high-grade quartz feldspar gneisses and granites. Basement gneisses of
the Long Range Inlier in the area of Western Brook Pond are dated at 1250 Ma (Erdmer,
1986) and 1466 + 10 Ma (Heaman ez al., 2002). However, gneissic basement rocks
sampled from the eastern edge of the Long Range Inlier near Cat Arm Road are older and
yield early Mesoproterozoic ages of 1530 + 8 Ma and 1631 + 2 Ma (Heaman et al.,
2002). These rocks are intruded by a magmatic belt of granitoid plutons in the Long
Range Inlier and the adjacent Grenville Province in southern Labrador and adjacent
Quebec. These large plutons yield U-Pb zircon ages between 1080 and 960 Ma (Gower
and Loveridge, 1987; Schirer and Gower, 1988). Ages of 1023 + 7/-5 Ma and 1022 + 2
Ma are reported from Early-Grenvillian granitoid intrusions of the Lake Michel intrusive
suite (Owen and Erdmer, 1990; Heaman et al., 2002) and a 1032 +1.5 Ma age from the
Lomond River granite (Heaman et al., 2002). Late Grenvillian granitoids of the Long

Range Inlier include the Horse Chops Granite 993 + 7 Ma, Cloud River Granite 985 + 1.6
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Ma, Potato Hill Granite 999 + 4 Ma and Aspey Granite 1006 +82 Ma (Heaman et al., op.
cit.).

Another series of exposed Appalachian basement rocks occur in the Steel
Mountain Inlier of southwest Newfoundland. A felsic granulite gneiss of the
Disappointment Hill complex yielded an upper intercept U-Pb zircon age 1498 + 9/-8 Ma
and a foliated gabbro related to Steel Mountain anorthositic rocks has an upper intercept
age of 1254 + 14 Ma (Currie et al., 1992).

The Proterozoic ages of zircons in the Rogerson Lake Conglomerate therefore
cover the same age range within the limits of uncertainty with the previously reported
ages for Laurentian rocks of the Grenvillian basement inliers in western Newfoundland.
These ages, however, also correspond to the ages of magmatism, deformation and
metamorphism in southern Labrador. The 1487 Ma age from zircon in the Rogerson Lake
Conglomerate corresponds to the Pinwarian Orogen of the eastern Grenville Province
(Gower et al., 1988; Tucker and Gower, 1990). Rocks of Pinwarian age are between
1520 and 1460 Ma, and on the south coast of Labrador three intrusions, the Cape Charles
quartz monzonite, St. Peter Bay granite and Wolf Cove quartz monzonite, have U-Pb
ages of 1490 + 5 Ma, 1479 + 2 Ma and 1472 + 3 Ma, respectively (Tucker and Gower,
1994).

Late Elsonian (1290 to 1230 Ma) magmatism in the Canadian Shield of Labrador
is equivalent to the 1244 Ma age from the Rogerson Lake Conglomerate. The Mealy
dykes form an east-northeast trending swarm of gabbroic and diabase intrusions in the
eastern Grenville Province and the time of emplacement is fixed by a zircon age of 1250

+ 2 Ma (Hamilton and Emslie, 1997). The Seal Lake Group located along the northern
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margin of the Grenville Province is a sequence of sedimentary and volcanic rocks and the
age of these rocks is constrained by a 1250 + 14/-7 Ma zircon age from gabbro sills
(Romer et al., 1995). The Late Elsonian age from the Rogerson Lake Conglomerate also
correlates with the Strange Lake peralkaline complex in northern Labrador. It consists of
exotic-bearing granitoid rocks that contain an abundant and varied collection of rare-
metal-bearing minerals that yielded a concordant zircon age of 1240 + 2 Ma (Miller et
al., 1997).

The various Late Mesoproterozoic ages (1079 to 994 Ma) in the Rogerson Lake
Conglomerate are equivalent to Grenvillian orogenesis in Labrador that occurred between
1080 and 985 Ma (Gower and Krogh, 2002). Tectonothermal activity throughout the
Lake Melville terrane of the Grenville province is demonstrated by zircon ages of 1080 +
2 Ma for deformed pegmatitic metagabbro and 1079 + 6 Ma from the Southwest Brook
granite (Schérer and Gower, 1988), and by metamorphic monazite ages of 1078 + 2 Ma
from granitic veins of the Rexon’s Cove intrusion and 1077 + 3 Ma from the Alexis Bay
gneiss. The Romaine River monzogranite, located along the southern edge of the eastern
Grenville Province, yielded an age of 1079 +17/-11 Ma, but it is unclear as to whether the
zircons are igneous or metamorphic (Loveridge, 1986).

The 1016, 1001, and 994 Ma ages correspond to numerous igneous events
thorough the Grenville Province. Granitic magmatism in the Hart Jaune terrane is
represented by zircon ages of 1017 + 2, 1015 + 2, and 1007 + 2 Ma, while metamorphism
is documented by titanite ages of 1006 + 5, 1006 + 2, 1004 + 4, 997 + 3, and 991 + 5 Ma

from various amphibolite, dioritic and mangerite units (Indares et al., 1998; Cox et al.,
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1998). Monazite ages of 1011 + 3 Ma and 992 + 2 Ma from granitic veins further
constrain the metamorphism in the Hart Jaune terrane (Gower and Krogh, 2002).
Grenvillian metamorphism in the Pinware terrane of Labrador was initiated
around the same time as that in the Long Range Inlier in Newfoundland. The Lodge
quartz monzodiorite gneiss contains metamorphic zircons dated at 1019 + 14 Ma that are
interpreted to represent the onset of metamorphism (Tucker and Gower, 1994; Wasteneys
et al., 1997). The continuation of metamorphism in the Pinware terrane is exhibited by
zircon dates of 1009 + 10 Ma from the St. Paul’s River quartz monzonite, 1000 + 2 Ma
from the St. Peter Bay mafic dyke and monazite dates of 982 + 5 Ma and 979 + 20 Ma
from the Cat Pond quartz monzonite and L’ Anse-au-Loup volcanics, respectively
(Tucker and Gower, 1994; Wasteneys et al., 1997; Gower and Krogh, 2002). Additional
ages of 1016 to 1003 Ma are reported for rocks in the Cape Caribou River allochthon and
Mealy Mountains terrane and dates of 1001 to 989 Ma were obtained from the Lac
Joseph, Wilson Lake, Molson Lake and Churchill Falls terranes (Connelly and Heaman,
1993; Corrigan et al., 1997). For further information on Grenville Province
geochronology the reader is forwarded to the papers of Gower and Tucker (1994),
Connelly and Heaman (1993); James et al. (2000) and Gower and Krogh (2002).
Although the ages of zircon in the Rogerson Lake Conglomerate correlate with those of
the Grenville Province of Labrador, the probability that the zircons in the conglomerate
were derived from the Grenvillian basement rocks of insular Newfoundland is greater.
The absence of zircons in the 680-620 Ma range in the Rogerson Lake
Conglomerate is attributed to the presence of a Silurian seaway separating the Gander

margin and Avalonia from the Notre Dame, Victoria and Exploits arc terranes that were
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accreted to Laurentia. The presence of the Dog Bay Line at the Silurian edge of Laurentia
and its recognition as a Silurian seaway suture zone implies that the Dog Bay Line marks
the location of such a seaway (Williams, 1993; Williams et al., 1993). Northwest of the
Dog Bay Line, in the present Exploits Subzone, Silurian rocks of the Badger and
Botwood groups were deposited on Ordovician rocks already accreted to Laurentia.
Whereas, southeast of the line, the Silurian rocks were deposited on Ordovician rocks
that were amalgamated with the continental Gander Zone. A residual seaway, termed the
Exploits seaway (Williams et al., 1993; van Staal et al., 1998), is inferred to separate
these opposing landmasses and may represent the terminal Iapetus suture in
Newfoundland.

McNicoll and van Staal (2001) reported U-Pb SHRIMP data for zircons from
syntectonic sediments in the Badger Belt along the Red Indian Line. Coarse-grained
sandstones samples from the base and top of the Badger Group were dominated by Late
Cambrian to Ordovician zircons with the amount of Grenville-aged zircons decreasing
towards the top of the group. The Rogerson Lake Conglomerate and similar Botwood
Belt rocks overlie the Badger Group and contain an even smaller proportion of
Grenvillian detrital zircons. The decrease in contribution of Laurentian zircons from the
base of the Badger Group stratigraphically upwards to the Rogerson Lake Conglomerate
is attributed to the Early to Middle Ordovician collision induced uplift of the Notre Dame

arc that progressively diminished the input of Laurentian basement.

6.5 Lead Isotope Geochemistry

6.5.1 Introduction
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Lead isotopes are a powerful tool for studying mantle and crustal evolution. Lead
is widely distributed throughout the Earth not only occurs as the radiogenic daughter of U
and Th but it also forms its own minerals from which U and Th are excluded. The
isotopic composition of Pb varies from the highly radiogenic Pb in very old, U and Th
bearing minerals to the common Pb in galena and other minerals that have low U/Pb and
Th/Pb ratios (Faure, 1986; Gariépy and Dupré, 1991; Richards and Noble, 1998). Since
major sulphide minerals generally contain abundant Pb and very low contents of U and
Th, they are ideal candidates for Pb isotope analysis. Galena (PbS) is a frequent
component of ore deposits and thus allows the study of volcanogenic massive sulphide
deposits by the isotopic composition of Pb in galena and other common Pb minerals.

Lead is a trace element in all types of rocks and its isotopic composition in
different varieties of rocks contains a record of the chemical environments in which the
Pb resided. These environments include the mantle, upper and lower crust, or Pb ores,
and each has distinct U/Pb and Th/Pb ratios that affect the isotopic evolution of Pb
(Gariépy and Dupré, 1991; Dickin, 1995). These ratios are modified by magma
generation and fractionation, by hydrothermal and metamorphic processes, and by
weathering. Therefore the isotopic compositions of Pb in rocks and ore deposits display
intricate patterns of variation that reflect their geological histories (Faure, 1986; Heaman
and Parrish, 1991; Richards and Noble, 1998).

A total of 15 galena separates from the Tally Pond Group were analyzed for their
lead isotope ratios. Galena was collected from the shallow and deep sections of the Upper
Duck lens of the Duck Pond deposit, the North Zone of the Boundary deposit, the South

Moose Pond zone, and the Lemarchant prospect. Analyses were carried out at the
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GEOTOP Laboratory, Université du Québec 4 Montréal (UQAM). Data are reported as
206p204pp, 207pp204ph, 208ph2%Ph and 2°7Pb/2’Pb with an analytical uncertainty of

0.04% amu’' at the 1o level. Full analytical techniques are given in appendix F.

6.5.2 Results

The lead isotope data for the Tally Pond Group are listed in Table F.1 and shown
in Figure 6.7. The mantle, orogene, lower crust and upper crust growth curves of Zartman
and Doe’s (1981) plumbotectonics model are shown for reference. p values were
calculated according to Stacey and Kramers (1975) model using Isoplot ver. 2.06
(Ludwig, 1999).

The data indicate that all samples from the Tally Pond Group show a very small
variation in the 2%Pb/2*Pb ratio bound on the lower end by the Lemarchant prospect and
the high end by the samples from the deep sections of the Upper Duck lens. The
207ph/2%4ph ratios are highly variable, define linear trends and indicate that the lead
isotopes for the Tally Pond Group can be classified as three groups: 1) a primitive group
represented by galena from the Lemarchant prospect; 2) a slightly more radiogenic group
that includes the stratigraphically higher levels (<350m) of the Upper Duck lens and
South Moose zones; and 3) a relatively radiogenic group that represents the
stratigraphically deep sections (>400 m) of the Upper Duck lens.

Group 1 samples from the Lemarchant prospect are the least radiogenic.
Variations within the group are mainly exhibited in the 2%Pb/2**Pb ratios (18.098-
18.138), while the **’Pb/***Pb ratios (15.555-15.584) and 2%Pb/?**Pb ratios (37.762-

37.821) define a small interval. This group plots on 2%Pb/?*Pb versus 2’Pb/***Pb
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diagram between the Zartman and Doe (1981) growth curves for the orogene and mantle,
with a bias towards to more radiogenic orogene curve. On the 206pb/2%ph versus
208p,,2%pp diagram, the Lemarchant prospect samples lie between the orogene and upper
crust growth curves and similar to the 206pp/2MPb versus *’Pb/*Pb ratios, plot nearer
and sub-parallel to, the orogene growth curve.

Group 2 samples from the Duck Pond and Boundary deposits and South Moose
Pond zones define a group that is slightly more radiogenic that the Lemarchant prospect
(group 1) samples. The data form a narrow cluster with 296pb/***Pb ratios vary between
18.144 and 18.189, **’Pb/***Pb ratios between 15.548 and 15.599, and ***Pb/***Pb ratios
between 37.754 and 37.892. In the 2*°Pb/>*Pb versus **’Pb/”**Pb diagram, the data plot in
a trend that when extrapolated through the least radiogenic end intersects the growth
curve for the mantle. This line also trends towards more radiogenic compositions and
approaches the orogene growth curve. On a **Pb/**Pb versus ***Pb/>**Pb diagram, the
data define a linear trend that plots sub-parallel to the orogene and upper crust curves.

Group 3 samples from the stratigraphically deeper sections of the Upper Duck
lens of the Duck Pond Deposit define a group that is the most radiogenic when compared
to other samples from the Tally Pond Group. The three samples constitute a group with a
large variation in isotopic ratios. 206pp2%Pp ratios vary between 18.209 and 18.311,
207ph,/2%4ph ratios between 15.641 and 15.783, and 2°°Pb/?™Pb ratios between 38.081 and
38.950. On a plot of >*Pb/>**Pb versus 2*’Pb/**Pb the group defines a linear trend that
primarily lies in the radiogenic compositions zone above the upper crust growth curve
and intersects this curve at a steep angle. In the >*Pb/”*Pb versus °Pb/**Pb diagram

(Figure 6.8), the group lies above the orogene growth curve and define a linear array that
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at the least radiogenic end originates near this curve and trends towards more radiogenic
compositions.

Model ages for the sulphide occurrences have been calculated according to the
Stacey and Kramers (1975) model, using the 206pb2%pb and 297Pb/”*Pb ratios and are
listed in Table F.1. The model ages for the 14 analyses from the Tally Pond Group range
from a high of 589 Ma to a low of 295 Ma. Six samples from the top section of the Upper
Duck lens, two samples from the South Moose Pond zone, two samples from the
Lemarchant prospect, and one sample from the Boundary Deposit yield model ages that
range from 299 Ma to 323 Ma, which are significantly younger than the model ages for
the three samples from the deep section of the Upper Duck lens, calculated at 396, 425
and 589 Ma. These dates are not considered to be particularly meaningful due to the
linear distribution of data.

The Pb isotope data were regressed using the algorithm of York (1969) with equal
weights and zero error correlations assigned to each point. Linear regression of the
27pb2™Pb versus 2%°Pb/***Pb data produces a line with a slope of 0.95 + 0.20 at 20,
which is much steeper than Phanerozoic Pb growth curves for the mantle and crust. The
mean square of weighted deviates (MSWD) value is a measure of the observed scatter of
the points (from the best fit line) to the expected scatter (from the assigned errors and
error correlations. The MSWD value of 177 for the Tally Pond Group samples indicates a
significantly poor fit to the line, this is due to the data points for the Lemarchant prospect

and the deep sections of the Upper Duck lens.

6.5.3 Discussion
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The Pb isotope data for the 15 samples from the Tally Pond Group define a linear
trend which supports the hypothesis that the different VMS occurrences throughout the
Tally Pond Group are genetically related to each other. There are a couple of possibilities
that might be responsible for producing the linear trend in the data and the examination of
these process can therefore shed light on the nature of the mineralizing event(s). Since the
differences in Pb isotope compositions between mineralized occurrences is a function of
the variable nature of the source rock Pb reservoirs that are tapped during mineralization,
and the age differences between the occurrences, the two possibilities that could produce
a linear trend are: 1) the data define a mixing line, or 2) the data define a secondary
isochron.

If the linear trend is an isochron it is implied that all of the Pb in the samples
originally had a homogenous isotopic composition when it was segregated from its
source reservoir and that all the Pb samples were separated from this region at the same
time. The differences in the Pb composition are due to the Pb subsequently residing in
various environments having diverse U/Pb and Th/Pb ratios. The age of this isochron
should therefore indicate the time at which the homogenous Pb was separated from its
source reservoir. The isochron for the Tally Pond Group samples was calculated at 5163
+ 290 Ma. This age is older than the age of primordial Pb and older than the accepted age
of the Earth at 4.57 Ga. Further evidence against interpreting the linear trend as an
isochron is provided by the age of the host rock units. The 14 samples are associated with
felsic volcanic rocks of the Boundary Brook Formation of the Tally Pond Group which
has been dated at 509 +1 Ma. The age of the Pb in the Tally Pond samples is constrained

by this age and therefore the observed variations in Pb isotopic compositions between the
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various VMS occurrences probably reflect differences in source regions of the Pb rather
than age differences. Finally, the poor fit of the data to the least-squares regression line
suggests that the present Pb composition does not result from simple Pb growth from a
homogeneous source reservoir. This is because higher values in the MSWD indicate
either an underestimation of the analytical error, or in this case, that the scatter in the data
is due to geological processes and not to analytical factors. Each of these statements
suggests that the linear trend in the Tally Pond Group data does not represent an isochron
and that the Pb isotopic composition of the samples is the result of growth in at least two
or more source areas with different U/Pb and Th/Pb ratios. Thus, the alternative
interpretation, is that the linear trend lacks any precise geochronological significance, and
instead, represents a mixing line between different Pb reservoirs which evolved from
distinct long-lived environments. This alternative seems more probable as the model ages
obtained by applying the model of Stacey and Kramers (1975) are unrealistic.

If the linear trend is considered a mixing line, then the Pb isotope compositions
can be explained in terms of variable mixtures of two end-member sources or reservoirs.
The least radiogenic end members, the Lemarchant prospect, Upper Duck lens of the
Duck Pond deposit, South Moose Pond zone and Boundary Deposit, would closely
approach the composition of the least radiogenic source region. The cluster in isotopic
compositions between the four occurrences suggests that they are from the same source
and not are the product of mixture, which indicates that the Pb isotope compositions of
the Lemarchant prospect, Upper Duck lens of the Duck Pond deposit, South Moose Pond
zone and Boundary Deposit predominantly reflect the average composition of the

immediate volcanic host rocks during mineralization. This interpretation seems
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reasonable as the *°°Pb/?**Pb and 2°’Pb/***Pb ratios for these occurrences lie just below
the orogene growth curve of Zartman and Doe (1981). This is an average Pb growth
curve that suggests a rather uniform U/Pb and Th/Pb source, generated by the
homogenizing processes of sedimentation, volcanism, plutonism, metamorphism and
rapid erosion. The most obvious manifestation of the orogenic environment is in
geologically active island and continental arcs, such as the Tally Pond Group. In these
systems come great quantities of tholeiitic basalt and pelagic sediments of the oceanic
crust, clastic and chemical detritus of the adjacent continental crust and the lower crust
and mantle wedge material that constitute the region above the subduction zones. The Pb
isotopic composition of such an arc system should therefore reflect the proportions of its
contributing components (Doe and Zartman, 1981). The Tally Pond Group is one such
island arc system, and the Pb isotopic composition of the Lemarchant prospect, Upper
Duck lens of the Duck Pond deposit, South Moose Pond zone and Boundary Deposit
indicate a more radiogenic composition than a mantle source and that there is a
considerable contribution of Pb from a radiogenic source reservoir, considered to be the
upper continental crust.

However, the possibility of a minor mantle component in these Pb isotopic
compositions cannot be ruled out. These occurrences plot in a linear trend that when
extrapolated from the least radiogenic end intercepts the mantle growth curve. The bulk
uranogenic Pb composition of contemporaneous mantle is significantly less radiogenic
than the Pb in the Tally Pond galenas, however; a minor amount of mantle Pb contributed
to the samples would lower their 2°’Pb/***Pb ratio and cause them to plot slightly below

the Orogene growth curve. There is also the possibility of a lower crust Pb contribution,
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high U/Pb and Th/Pb, and are often enriched in 207pp and 2°*Pb with respect to mid-ocean
ridge basalts (Kesler et al., 1994; Dickin, 1995). The high p values (>10) from the Deep
Upper Duck lens further support this interpretation.

Stacey and Kramers’ (1975) model ages calculated from the 207pp/2%4pp and
206pp,/2%Ph data for the Tally Pond Group should be used with caution, as these ages are
only accurate if both U and Pb remained closed to external disturbance during radioactive
decay in the source material and were then separated into the ore deposit. These rigid
conditions are seldom realized in nature and one must assume that the U and Pb isotopes
have been disturbed. All of the model ages (except sample 342 at 589 Ma) are much
younger than the minimum age of the Tally Pond Group, which has been precisely
determined by U-Pb zircon geochronology as 509 + 1 Ma. These model ages suggest that
the U and/or Pb in the source materials were disturbed and mixed at one or possibly many
times before the Pb was segregated into the ore. The anomalously old 589 Ma model age
may be in part due to a remobilization from an earlier Pb accumulation, i.e. the Pb in the
black shale sequence, combined with a mixture of various Pb source reservoirs.

Previous workers (Swinden, 1987; Hall ez al., 1998; Williams et al., 1988; Evans,
1996) have suggested that the lead isotopic signatures in volcanogenic massive sulphide
deposits of the Notre Dame Subzone contrast with those of the Exploits Subzone.
Analysis of the lead isotope data (Table F.2) from other deposits in the Victoria Lake
Supergroup and elsewhere in the Newfoundland Dunnage Zone (Figure 6.9) indicate that
such a contrast does exist in the lead isotopic signatures between the two subzones. The
Skidder, Connel, Clementine, Buchans, and Mary March deposits (Cumming and Krstic,

1987; Winter 2000), located in the Notre Dame Subzone, display a larger variation in the
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206ph204p ratio than the 2%Pb/2**Pb ratio and are the most primitive in terms of their
U/Pb evolution. Other deposits from the Notre Dame Subzone, the Lochinvar, Oil
Islands, Seal Bay, York Harbour, Catchers Pond, Bull Road, Pilleys Island and Shamrock
occurrences, lie in the same field as those of the Buchans area, with the Pilleys Island
sample being the most primitive. The one exception are the two galena samples from the
Ming Mine which are more radiogenic than Notre Dame Subzone Pb deposits and plot in
the field of the Exploits Subzone.

Samples from the Exploits subzone include the 15 samples collected for this
study, the Boundary and Burnt Pond occurrences from Swinden and Thorpe (1984), all of
the Tally Pond group, and the Tulks East, Tulks Hill, and Victoria Mine prospect from
elsewhere in the Victoria Lake Supergroup (Swinden and Thorpe, 1984; Cumming and
Krstic, 1987). The lead isotope signatures of each of these deposits are much more
radiogenic than those of the Notre Dame Subzone and have larger variations in the
207pp/2MPb ratio than the 2%Pb/***Pb ratio; this is opposite to that of the Notre Dame
Subzone and indicates that the material from each subzone was derived from sources
with different U/Pb ratios. The Strickland, Facheux Bay and Barasway de Cerf deposits
(Swinden and Thorpe, 1984), located in the southwest Exploits Subzone, contain high
207pp/204pp-2%pp/2%Pp ratios and are among the most radiogenic and lie in the field
defined by the Exploits Subzone. Galena from the Handcamp occurrence has the same
206pp,204py, ratio as deposits in the Exploits Subzone, however, the 207pp20pp ratio is
slightly less indicating that the Handcamp occurrence is less radiogenic than the deposits

in the Victoria Lake Supergroup.
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The Neoproterozoic Winter Hill deposit from the Avalon Zone is included in this
study for comparative purposes. Five samples from the deposit (Sears and Wilton, 1996)
have significantly lower **Pb/***Pb and 207pp/2%Pb ratios and are much older than VMS
deposits in the Dunnage Zone. The lead isotopes are more radiogenic than those of the
Notre Dame Subzone, and suggest that the Gondwanan continental crust contained a
higher 238(J/204p ratio, or p value, than the Laurentian crust.

Lead isotope ratios for volcanogenic massive sulphide deposits in the
Newfoundland Dunnage Zone indicate that there are two general groups of deposits. A
primitive group, which consists of the Buchans, Skidder, Mary March, Connel, Pilleys
Island, Lochinvar, and York Harbour deposits of the Notre Dame Subzone and a
relatively more radiogenic group comprising the deposits of the Victoria Lake
Supergroup and the Facheux Bay, Barasway de Cerf, Strickland and Handcamp
occurrences of the Exploits Subzone. The variations in these lead isotope ratios suggest
that the deposits of the Exploits subzone contain a greater influence of U/Pb-rich material
while galena from the Notre Dame Subzone overlaps the mantle growth curve and
evolved in a U/Pb-poor environment.

Previous studies (Cumming and Krstic, 1987; Winter, 2000) have shown that
there is a consistency in the lead isotope ratios of all data from the Buchans area and that
these deposits evolved in a region of relatively low U/Pb. This feature is also a
characteristic of lead deposits in the Grenville Province (Farquhar and Fletcher, 1980)
and suggests that the Buchans deposits and other galena occurrences in the Notre Dame

Subzone evolved under the influence of Laurentian continental crust.
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The lead isotope data from the Victoria Lake Supergroup and other deposits
indicate that the Exploits Subzone evolved in a region of higher U/Pb relative to the
Notre Dame Subzone. The Exploits Subzone appears to have been influenced not by the
Laurentian crust but rather by Gondwanan continental crust. This hypothesis seems
rational as data from the Avalon Zone, namely the Winter Hill deposit, indicate that the
Avalonian continental margin of peri-Gondwana consists of a considerable amount of

crustal material that evolved with a relatively high U/Pb ratio.
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Figure 6.1 Concordia diagram for felsic tuff (JP-01-GC1) from the

Tally Pond Group.
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ca. 500 Ma range.
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Figure 6.4 Cummulative probability plot of ** Pb/***U ages of detrital zircons
from the Rogerson Lake Conglomerate (71) at Rogerson Lake.
The blue line represents all zircon analyses; the red line
represents those zircons that are 90% or greater concordant.
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Figure 6.5 Concordia diagram for detrital zircons from the Rogerson Lake
Conglomerate (72) at Burgeo Road for the ca. 500 Ma range.
The inset displays a concordia plot for the whole range.
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Figure 6.6 Cummulative probability plot of °** Pb/**U ages of detrital zircons
from the Rogerson Lake Conglomerate (72) at Burgeo Road.
The blue line represents all zircon analyses; the red line
represents those zircons that are 90% or greater concordant.
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Plate 6.9 Photomicrograph of Harpoon Gabbro fraction 2: unabraded zircon
diamagnetic stubby prisms.
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Plate 6.12 Photomicrograph of Harpoon Gabbro fraction 2: abraded diamagnetic
zircon prismes.

259



Z4B
Z4A JP-01-99¢gc

mag (@ MAY '7°c¢
prisms

20

Plate 6.13 Photomicrograph of Harpoon Gabbro fractions 3 and 4: abraded zircon
stubby prisms.
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CHAPTER 7

SULPHUR ISOTOPE GEOCHEMISTRY

7.1 Preamble

Sulphur isotope data are an integral tool in refining geological models for the
formation of volcanogenic massive sulphide deposits. Of all the light stable isotope
systems (O, C, H, and S) commonly used in the study of VMS deposits, the greatest
amc 1t of data, undoubtedly exists for sulphur (Campbell and Larson, 1998; Huston,
1999). Sulphur isotope geochemistry has many uses in ore deposit research including: 1)
determination of the origin of sulphur; 2) calculation of the paleotemperature of
formation of fluids and sulphides; 3) the resulting degree of equilibrium obtained; and 4)
constraints on the mechanism of ore deposition (Campbell and Larson, 1998; Faure,
1986). The major goal of S-isotope analysis in this study is to delineate the source of
sulphur within the Tally Pond Group volcanogenic sulphide occurrences, specifically,
whether the sulphur is of primary magmatic origin, or has been derived from an external

source (i.e. seawater sulphate or biogenic sources).
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7.2 Sulphur Isotope Systematics

Sulphur is widely distributed in the Earth’s lithosphere, biosphere, hydrosphere,
and atmosphere. Sulphur has four naturally occurring isotopes including 328 (95.02 %),
338 (0.75 %), >*S (4.21 %) and 3°S (0.0017 %) (Hoefs, 1980, 1987; Rollinson, 1993). The
ratio between the two most abundant isotopes, >*S/*%S, is used in S-isotope studies and is
expressed in parts per thousand (per mil) relative to the reference troilite (FeS) standard
from the iron meteorite Canon Diablo whose **S/**S ratio is 0.0450045. The isotopic
composition is expressed in terms of 8°*S, which is defined as:

™S = [**SP S sampie”*SP*Scp1)-1]¥1000
where > 4S/32ssample and 34S/328(;DT are the >*S/*?S ratios from the sample and Canon Diablo
Troilite, respectively. The Canon Diablo Troilite is used as the standard because it is
believed to represent the composition of the bulk undifferentiated Earth (Ohmoto and
Rye, 1979). Therefore, the §°*S value of a given sample of terrestrial sulphur can be
considered as a measure of the change that has occurred in its isotopic composition since
derivation from its primary source reservoir.

8>*S values are subdivided into two major groups: 1) those with 8°*S >0 contain
higher amounts of the **S isotope and are considered to be isotopically heavy; and 2)
those with 5°*S <0, containing lesser **S and relatively more 3S and are considered
isotopically light (Ohmoto, 1972; Rye and Ohmoto, 1974; Hoefs, 1980). The subdivsions
between the isotopically light and heavy groups are controlled by the naturally occurring
relative fractionation of **S and *2S. This fractionation in stable isotopes is related to
mass and is caused by two main processes:1) kinetic isotope fractionation, such as

reduction of sulphate ions to hydrogen sulphide by anaerobic bacteria which results in the
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enrichment of °“S in the sulphide (Taylor, 1974; Ohmoto and Rye, 1979); and 2) various
equilibrium fractionation and isotopic exchange reactions between sulphur-bearing ions,
molecules, and solids through which 3*S is generally concentrated in the compounds that
have the highest oxidation state of S or the greatest bond strength (Faure, 1986).

Naturally occurring sulphur occurs as oxidized sulphate in the oceans and in
evaporite rocks (Figure 7.1) and as native sulphur in the cap rocks of salt domes and in
the rocks of various volcanic regions. Sulphur also occurs in the reduced form as sulphide
in metallic mineral deposits (Figure 7.2) associated with igneous, metamorphic, and
sedimentary rocks and in the gaseous state as H,S and SO, (Kyser, 1986; 1990). There
are three isotopically distinct reservoirs of sulphur: 1) mantle-derived sulphur with 5**S
values in the range 0 + 3 %o (Chaussidon and Lorand, 1990); 2) seawater sulphur with
5**S today of about +20 %o, although this value has varied in the past from a low of +10.5
%o in the Permian to a high of +31.0 %o at the base of the Cambrian (Claypool et al.,
1980); and 3) strongly reduced (sedimentary) sulphur with large negative 8**S values
(Rollinson ,1993).

Although the distinction between reservoirs is useful in determining the source
reservoir of the sulphur, it is clear that §**S values do not indicate a single or unique
source of the sulphur due to the extensive possible overlap of 8**S values. However,
primary sulphides in mantle derived rocks can be assumed to inherit the 5°*S
characteristics of their parental mantle melt and mantle source region, and usually lie in
the range 0 + 3 %o (Ohmoto and Rye, 1979). Any values in mantle derived rocks that fall
outside this range are probably due to the inheritance of a partial S-isotopic signature

from an external source, or result from S-isotope heterogeneities in the mantle source
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reservoir (Kyser, 1986, 1990; Chaussidon et al., 1987; 1989). It must be realized,
however, that due to changes in pH, the fugacity of oxygen (Faure et al., 1984), and
mantle metasomatism due to crustal fluids and sediments, variations in the 8**S ratios of

mantle derived sulphides can exist.

7.3 Results

A total of 39 sulphide separates from the Tally Pond Group were analyzed on a
Finnigan MAT 252 IR-MS at Memorial University of Newfoundland for their sulphur
isotope compositions including 31 pyrite samples, six chalcopyrite/sphalerite samples,
and one sample each of galena and sphalerite. The samples were collected mainly from
drillcore and consist of 18 samples from the Upper block and Upper Duck sulphide lens
of the Duck Pond deposit, 12 samples from the North, South and Southeast zones of the
Boundary deposit, five samples from the South Moose Pond zone, two from the North
Moose Pond zone and one sample each from East Pond and the Lemarchant prospect.
These samples were derived from a variety of rock types including massive sulphide,
mafic and felsic volcanic rocks, alteration pipes and zones, and sedimentary rocks. The
results are presented in Figure 7.3 and Table G.1.

Five samples of pyrite were collected from variably altered mafic volcanic and
intrusive rocks at the South Moose Pond zone and Duck Pond deposit that have 8>S
values between -3.8 %o and +8.5 %o, with an average of +2.8 %o. Three altered mafic
volcanic rocks from the South Moose Pond zone have 8>*S values of -0.2 %o, +5.7 %o,
and +8.5 %o, whereas a sample of a mafic volcanic flow from the Upper block of the

Duck Pond deposit has a 8**S value of -3.9 %o. The 8°*S value obtained from pyrite in a
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mafic intrusion in the Upper block is slightly heavier than the corresponding ratios in the
volcanic rocks and has a §°*S value of +3.7 %e.

Sulphur isotope ratios from the Mineralized block of the Duck Pond deposit range
from +5.8 %o to +13.7 %o, with an average value of +7.3 %o. Six samples of pyrite and
chalcopyrite from the massive sulphide lenses (Plate 7.1) have 5>*S values that have a
mean value of + 8.7 %o and vary from +6.3 %o to 11.2 %0. Seven samples of variably
altered rhyolite and the intense chlorite altered feeder zones contain pyrite that have 8>S
values in the range of +5.8 %o to +13.7 %o, with an average value of +8.7 %o. One sample
of a sulphide debris flow (Plate 7.2) located near the Upper Duck lens contains pyrite
with a 8**S value +7.0 %o.

Two samples from East Pond and the Lemarchant prospect have similar 5°*S
values as those from the Mineralized block of the Duck Pond deposit. A single sphalerite
sample from a felsic breccia at East Pond has a 534S value of +6.7 %o, while galena from
an altered felsic volcanic rock in the Lemarchant prospect returned a 8**S value of +6.6
%o. A similar, although slightly higher 6**S value of +8.2 %o was obtained for pyrite in a
felsic dyke from the South Moose Pond zone.

The 12 samples from the Boundary deposit were collected from host felsic
volcanic rocks, the massive sulphide lenses and from alteration zones surrounding the
deposit. Six samples were taken from the North zone and three samples each from the
South zone and Southeast zone and contain sulphur with 8**S values that are slightly
higher than those from the Duck Pond deposit with §°*S values ranging from a low of
+6.5 %o to a high of +13.0 %o, with a mean of +10.6 %.. Five samples of massive sulphide

were analyzed from the Boundary deposit and include two pyrite/chalcopyrite/sphalerite
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samples from the North zone, two pyrite samples from the South zone, and one pyrite
sample from the Southeast zone. Collectively these five samples have homogenous 5*S
values in the range of +10.0 %o to +11.8 %o. Three samples of pyrite from the intensely
altered chlorite feeder zones contain 8>*S values that are somewhat isotopically heavier
than those of the massive sulphide lenses. Two pyrite samples from the North zone
returned 8**S values of +11.3 %o and +12.4 %o, whereas a single sample from the South
zone has a §**S value of +13.0 %o.

Three pyrite samples hosted by mineralized felsic lapilli tuff (Plate 7.3) from the
Boundary deposit are slightly isotopically lighter than those from the massive sulphide
lenses and alteration feeder zones. Two pyrite/chalcopyrite/sphalerite samples from the
North zone have 8°*S values of +8.8 %o and +10.7 %o, and a single pyrite sample from the
Southeast zone contains a §°*S value of +10.0 %o. The remaining sample from the
Boundary deposit is a laminated pyrite and sediment sample (Plate 7.4) from the
Southeast zone and is isotopically the lightest sample that was analyzed from the
Boundary deposit with a §°*S value of +6.5 %o.

The lightest **S values from the samples analyzed from the Tally Pond Group
consist of four samples, two from the Duck Pond deposit and two from the North Moose
Pond zone. Two pyrite samples were collected from graphitic sedimentary shales (Plate
7.5) in the Upper block of the Duck Pond deposit and have 8**S values of -13.7 %o and -
17.4 %o. The two 8>*S values of -8.7 %o and -7.1 %o were obtained from pyrite samples in
the North Moose Pond zone and were collected from a graphitic argillite and felsic

agglomerate rhyolite, respectively.
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7.4 Discussion

Sulphur isotope data for the Tally Pond Group in the area surrounding the Duck
Pond and Boundary deposits are characterized by a wide range of 5>*S values,
representing sulphur from a variety of potential sources.

The sulphur isotope ratio from one sample of a mafic volcanic rock of the South
Moose zone fall within the range (-3 to +3 %o) of igneous rocks with a mantle origin and
two additional mafic intrusive and volcanic samples lie slightly outside the normal
accepted magmatic sulphide a 8°*S range. These data suggest that the sulphides in this
mafic volcanic rock may have been derived from reduced sulphur from a deep-seated
magmatic source. The variations in 8>S values from the typical mantle derived range
however, suggest that other factor may be involved and a true mantle derived source
cannot be verified. The degassing of mafic lavas can deplete the melt in the oxidized SO,
species, which can cause lower 8**S values due to the loss of **S with SO, gases (Kyser,
1989, 1990). On the other hand, increases in the °*S value can be caused by high oxygen
fugacities in the melt which can cause oxidation of the sulphide species to SO, gas, which
when trapped in the melt will increase 8**S values due to preferential enrichment of >*S in
the gas (Ripley, 1983). In addition, conditions such as mantle S-isotope heterogeneity and
potential mantle metasomatism due to crustal and meteoric fluids and other lithologies
(e.g. sedimentary and other volcanic units) (Chaussidon et al., 1987, 1989) can cause
variations in the 8**S values depending on the sulphur isotopic nature of the metasomatic
material.

The 5**S values from the felsic volcanic rocks, alteration zones and massive

sulphide bodies from the Duck Pond, East Pond and Lemarchant prospect are marginally
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heavier than 8°*S values for the mafic volcanic and intrusive rocks. The 5°*S values from
the Duck Pond deposit (+5.70 %o - +13.72 %o) lie well above the typical mantle derived
realm and are too heavy to be derived from a purely magmatic source. The most probable
source of fluids and sulphur in the Duck Pond deposit is reduced seawater sulphate as the
5°*S values show a shift towards the seawater sulphate value. The present day seawater
sulphate 8°*S value is around +22 %o. However, this value has changed through time and
has varied from a low of +10 %o in the Triassic, to a high of over +30 %o during the
Neoproterozoic (Figure 7.1). The minimum age of the Duck Pond and Boundary deposits
has been constrained by the U-Pb age of 509 + 2 Ma (Chapter 6) from a crystal tuff unit
located stratigraphically above the Boundary deposit. The reported 8>S range of seawater
sulphate during the Middle Cambrian is between +26 %o and +32 %eo.

One mechanism for the partial to complete inorganic reduction of seawater
sulphate is the precipitation of seawater sulphate as anhydrite at low temperatures of
around 150°C due to retrograde anhydrite solubility and calcium increase due to
fluid/rock reactions (Ohmoto et al., 1983). These reactions occur in a high-temperature
reaction zone (Figure 7.4) near the magma chamber where the heated, evolved-seawater
fluid becomes reducing, acidic, MgO- and SOj4-depleted, metal-rich, and strongly
enriched in H,S due to a combination of hydrolysis of rock sulphides and sulphate
reduction by reaction with ferrous minerals (e.g. olivine, pyroxene, magnetite) that are
present in basalts (Ohmoto, 1986). This method removes most of the original sulphate in
the fluid, but a small amount remains in solution at equilibrium with the precipitated
anhydrite (Shanks ef al., 1981, 1988; Shanks, 2001). At temperatures of between 250°

and 400°C, the fractionation of sulphur isotopes between aqueous sulphate and sulphide

272



is 18-25 %o lower than coeval seawater (Huston, 1999). Therefore the initial sulphide
produced by reduction would have a 5°*S value of 18-25 %o lower than coeval seawater.

5°*S values from the Boundary deposit fall within the same range as those of the
Duck Pond deposit, East Pond and Lemarchant prospect. However, there is a slight
variability between sulphide separates collected from the host rock, feeder zones and
massive sulphide bodies. The samples from the altered feeder zones beneath the deposit
are the isotopically heaviest, while the samples from the massive sulphide lenses are
slightly lighter, and the 8**S values from samples within the surrounding felsic volcanic
host rocks are scarcely even lighter. The highest 5°*S values from the feeder zones are
interpreted to be due to reduction of seawater sulphate in the circulating fluids around the
deposit. This is the same mechanism responsible for the heavy 5°*S values in the Duck
Pond deposit, East Pond and Lemarchant prospects. The isotopically lightest 8**S values
from the adjacent felsic volcanic host rocks is attributable to leaching of sulphur from the
hydrothermal cell and/or the direct incorporation of magmatic sulphur. This would result
in a decrease in the 8**S values of the ore fluids produced by inorganic sulphate reduction
by approximately 0 - 5 %eo.

The intermediate 3**S values from the massive sulphide lenses possibly result
from the mixing of inorganic seawater sulphate coupled with more intense leaching of
volcanic rock sulphur due to the increased residence time of the fluid in the hydrothermal
cell. Alternatively, the intermediate 8°*S values might be due to a decrease in temperature
from the feeder zone upward towards the top of the massive sulphide lens or to the
oxidation of aqueous H,S during mixing with seawater at the top of the massive sulphide

lens. Both of these hypotheses are constrained by the slow kinetics of redox reactions
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between oxidized and reduced sulphur species (Ohmoto and Lasga, 1982), which
moderate sulphate reduction in peripheral low temperature zones.

The lightest 8°*S values from the Tally Pond Group are from three samples of
graphitic argillite from the Duck Pond and Boundary deposits and the North Moose Pond
zone, and one sample of felsic agglomerate from North Moose Pond. The values for these
occurrences are highly negative (-7.1 %o to -17.4 %) and lie well below the normal
mantle derived or inorganic sulphate reduction regions. Thermochemical reduction of this
sulphate requires a large fractionation of around 40 %0 which is much higher than the
generally accepted value of 18 %o to 24 %o (Ohmoto and Rye, 1979; Ohmoto, et al., 1983,
1986). Therefore, these extremely low §°*S values could only result from biogenetic
fractionation, which is consequently the most important cause for variations in the
1sotopic composition of sulphur in nature. Anaerobic bacteria such as Descufovibrio
desulfuricans (Ohmoto, 1986) live in sediment deposited in the oceans at low (i.e. below
50°C) temperatures. These bacteria use oxygen from sulphate ions, instead of O, to
metabolize organic compounds and excrete H,S which is enriched in *°S relative to the
sulphate (Ohmoto, 1983, 1986; Canfield, 2001). In most sediments, H,S (or HS",
depending on pH) reacts with iron to form pyrite early in the diagenetic process when the
sediments are within one metre of the seawater-surface interface (Berner, 1980).

This H>S+Fe reaction is strongly dependent on whether the system is open or
closed. In an open system such as a large body of seawater there is an infinite reservoir of
seawater sulphate where the rate of sulphate supply is greater than the rate of sulphate
reduction. Sulphate reducing bacteria operating in these waters will produce H,S that is

extremely depleted in **S while the **S in seawater will remain effectively unchanged
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(Rollinson, 1993; Huston, 1999). Fractionations as large as 48 %o have been reported for
modern intertidal sediments in open systems (Chambers, 1982).

The two sulphur samples from a debris flow flanking the Duck Pond deposit and
from laminated sulphide/sedimentary sequences in the Boundary deposit have positive
8>*S values of +7.0 %o and +6.5 %o, respectively. These samples were initially interpreted
in the field to be sedimentary sulphides, however, the heavy §°*S values indicate that
these samples could not have formed as a result of biogenic fractionation. The sulphides
have 8**S values similar to those from the massive sulphide bodies of the Duck Pond and
Boundary deposits. These sulphide samples are now interpreted to have originally formed
as part of the massive sulphide lens, where they were subsequently eroded, deposited and
lithified in the adjoining sedimentary sequence.

The recognition of diverse 5°*S values from different sulphide samples throughout
the Tally Pond Group is a vital tool in the interpretation of the genesis of the
volcanogenic massive sulphide deposits. The analyses of S-isotope ratios in the sulphides
indicate that seawater modified, magmatic S-sources dominate throughout the Tally Pond
Group. These same data not only suggest a possible source of sulphur that formed the
sulphide but can also discriminate between sulphides formed in purely sedimentary
environments from those which originally formed as part of a massive sulphide lens and

were subsequently brecciated and deposited in sediment.
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Figure 7.1 The distribution of Sulphur isotope values for common large earth reservoirs.
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mafic flow and intrusions. Geochronology and geochemistry indicate that the Tally Pond
Group is temporally and genetically distinct from other arc volcanic sequences in the
Exploits Subzone of the Dunnage Zone.

The felsic volcanic rocks are felsic breccia, lapilli tuffs, quartz porphyry, crystal
tuff, and flow banded rhyolite, rhyodacite, and rhyolite breccia. The breccias contain
angular felsic volcanic fragments within a tuffaceous matrix. Tuffisitic gas breccias are
present which consist of flow-aligned clasts in an aphanitic siliceous matrix. The lapilli
tuff consists of dacite and rhyolite clasts, locally flow banded, in a fine-grained to locally
vitric tuffaceous matrix. The rhyolite generally comprises a thick sequence of massive to
locally flow banded, aphyric to quartz and/or feldspar porphyritic flows; these are mostly
rhyolitic, but locally grade into dacitic compositions. The felsic volcanic rocks display a
volcanic arc signature due to their high Y/Nb ratios. These rocks are variably LREE-
enriched island arc volcanic rocks that are mainly tholeiitic in nature with some of the
samples having transitional to slight calc-alkaline affinities.

The mafic volcanic rocks consist dominantly of fine- to medium-grained, both
massive and pillowed amygdaloidal basalt. Interpillow material is common throughout
the formation and consists of mafic tuff, green chert and minor graphitic shale. Mafic
breccias are present and consist of mafic volcanic rock fragments that are intimately
associated with pillow basalts. Locally, minor hyaloclastite is present. The basaltic rocks
consistently exhibit an arc signature based on their Zr—Zr/Y ratios and high V contents
relative to Ti. They are depleted arc tholeiites with moderate LREE enrichments. The
felsic volcanic rocks do not appear to define a fractionation trend with the mafic varieties

based on their Zr/Y ratios and REE concentrations. REE patterns for the felsic volcanic
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rocks do not parallel those of the mafic rocks and the overall trace element abundances of
the mafic volcanic rocks are less than those of the felsic rocks.

All rock sequences of the Tally Pond Group have been subjected to lower
greenschist facies regional metamorphism. The metamorphism is interpreted to be related
to accretion and burial of the sequence and from sub-seafloor hydrothermal activity,
involving low water/rock ratios and temperatures of less than 300°C. However, zones of
weak to intense hydrothermal alteration, interpreted as feeder pipe alteration zones, are
associated with the numerous volcanogenic massive sulphide occurrences throughout the
group. Felsic volcanic rocks in the footwall of the Duck Pond deposit have undergone
extensive silicification, chloritization, and sericitization with areas of local
carbonatization. Sericites from the Duck Pond deposit are all classified as muscovite with
little variation in composition. Chlorites from the Duck Pond deposit contain a broad
range of Fe/(Fe+Mg) ratios and atomic Si concentrations, whereas carbonates from the
Duck Pond deposit are dominantly dolomite with only small compositional variations
between the samples from the different alteration zones.

Geochronology of a felsic tuff brackets the age of volcanism in the Tally Pond
Group between 513 and 509 Ma. This age also indicates that mineralization in the
Boundary deposit occurred during this same Mid-Cambrian time span. The 509 Ma age
for the Tally Pond Group indicates that the group is separate, at least temporally, from
adjacent rocks of the Late Cambrian to Tremadocian Tulks Hill assemblage. A 465 Ma
age for the Harpoon Gabbro indicates that the mafic intrusions in the Tally Pond Group
are Ordovician and therefore much older than the Silurian-Devonian age as previously

contemplated (Kean and Jayasinghe, 1980; Kean, 1985; Kean and Evans, 1988; Evans
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and Kean, 2002). The age and trace element characteristics of the Harpoon Gabbro
suggest that this intrusion can be correlated with the temporally equivalent components of
the Wild Bight and Exploits groups and with the Mid-Ordovician part of the New
Brunswick Popelogan Arc (van Staal, 1994).

The zircon age ranges obtained by LAM-ICP-MS provide new insights into the
depositional history of the Rogerson Lake Conglomerate. This Silurian sedimentary
sequence dominantly consists of detritus derived from the underlying Late Cambrian to
Early Ordovician arc volcanic sequences of the Victoria Lake Supergroup. The
conglomerate also yielded a smaller proportion of Ordovician (480-440 Ma) zircons
which in all probability were derived from the calc-alkaline volcanic rocks and associated
magmatic arc plutons of the adjacent Notre Dame arc. The presence of a small number of
ca. 725 Ma zircons may be attributed to input from igneous intrusions associated with the
earliest stages of lapetan rifting on the Laurentian margin.

The Rogerson Lake Conglomerate also contains a minor zircon population
derived from Proterozoic Laurentian basement rocks. High-grade quartz feldspar
basement gneisses and younger granite plutons within Grenville inliers have yielded U-
Pb zircon ages ranging from ca. 900 to 1500 Ma (Heaman et al., 2002). The high
proportion of Paleozoic zircons relative to Proterozoic grains is presumably the result of
Middle Ordovician exhumation of the Notre Dame arc and its subsequent collision and
accretion to Laurentia.

The sulphur isotope ratios derived from the mafic volcanic and intrusive rocks of
the Duck Pond deposit typically fall outside the range of mafic igneous rocks with a

mantle origin and suggest that the sulphides in these rocks were not derived from reduced
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sulphur from a deep-seated magmatic source. The 5**S values in the Tally Pond Group
are marginally heavier than 5**S values for typical mantle derived sulphur, implying that
the sulphur was derived from a non-magmatic source. The most probable source of fluids
and sulphur is reduced seawater sulphate as the 5>*S values show a shift towards the
heavier seawater sulphate value. The lightest 5>*S values are from graphitic argillite from
the Duck Pond and Boundary deposits. The values for these occurrences are highly
negative and lie well below the normal mantle-derived or inorganic sulphate reduction
regions and result from biogenetic fractionation of seawater sulphate. Sulphur isotopes
are invaluable in deciphering source areas of massive sulphide accumulation in
sedimentary debris flows. Analyses of sulphur isotopes indicate the source of the
sulphide and can distinguish massive sulphide debris flow that contain purely
sedimentary sulphide fragments from those that contain sulphide clasts that were eroded
from a pre-existing massive sulphide body.

The Pb isotope data from the Tally Pond Group define a linear trend which
indicates that the different VMS occurrences throughout the Tally Pond Group are
genetically related. The linear trend lacks any precise geochronological significance
because the model ages obtained are unrealistic and, consequently, represents a mixing
line between different Pb reservoirs which evolved from distinct long-lived
environments. The lead isotope data from the Victoria Lake Supergroup and other
deposits indicate that the Exploits Subzone evolved in a region of higher U/Pb relative to
the Notre Dame Subzone. The Exploits Subzone appears to have been influenced not by

the Laurentian crust but rather by Gondwanan continental crust.
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continental island-arc volcanism to back-arc basin development is observed. Early
volcanism is characterized by tholeiitic basalt which progressed to calc-alkaline andesites
and Low K-rhyolites. Subsequent extension and thinning of the island-arc led to the
initiation of seafloor spreading which propagated into the thinned crustal region and
formed a new oceanic region behind the active arc. Rocks developed in the back-arc
basin in the Pacific Ocean generally represent melting of mantle sources with no
subduction slab component. Isotopic and geochemical data suggest that the sources are
dominantly ocean-island basalt with a slighter MORB-like component (Gill, 1981).
Geological, geochemical, isotopic and geochronological results presented in this thesis, in
conjunction with modern tectonic settings where similar relationships exist, indicate that
the Tally Pond Group stratigraphic succession records the transition from
microcontinental island arc to back arc environments.

The oldest magmatic rocks in the Exploits Subzone are the two late
Neoproterozoic (ca. 563 Ma) quartz monzonite plutons (Figure 8.1). These rocks are
interpreted to represent island arc plutons that formed in a Neoproterozoic peri-
Gondwanan island arc (van Staal ef al., 2002). U-Pb studies indicate that these plutons
experienced an early Cambrian metamorphism (Evans ef al., 1990). Recognition of these
Neoproterozoic plutons in Newfoundland as volcanic arc granites suggest a period of
island arc magmatism on the peri-Gondwanan margin that may not be Iapetan related.
The formation of the Iapetan ocean basin is constrained by the ca. 570 Ma separation of
Laurentia from the west Gondwanan cratons to produce a wide Iapetus ocean by 550 Ma
(Cawood et al., 2001). The early Cambrian (ca. 540-535 Ma) rift-drift transition on the

Laurentian margin therefore represents rifting of the Dashwoods microcontinent from
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Laurentia into an already open Iapetus Ocean (Waldron and van Staal, 2001). The
Neoproterozoic plutons are interpreted to form the basement to Ganderia because their
age, nature of plutonism and metamorphism are typical of Gander basement rocks
exposed elsewhere throughout the Appalachians (O’Brien et al., 1996; Barr and White,
1996).

Formation of a primitive island arc outboard of the Gondwanan margin by
westward subduction had begun by the Mid-Cambrian (Figure 8.1). This is represented
by the main period of volcanism in the Tally Pond Group and is constrained by U-Pb
ages of 513 and 509 Ma. Lithogeochemistry and isotopic data suggest that the mafic and
felsic volcanic rocks were subduction zone related and formed in an ensimatic island arc
setting. The abundant amounts of rhyolite in the Tally Pond Group probably indicate that
the arc formed under the partial influence of continental crust or the presence of a well
thickened arc-crust. Similar tholeiitic volcanic assemblages have been documented in
modern arc environments (e.g. Tongan arc, Vallier et al., 1990) and in other ancient arc
settings elsewhere in Newfoundland (Swinden et al., 1990; 1997; Macl.achlan and
Dunning, 1998). However, the base of the Tally Pond Group is not exposed and the ca.
60 Ma span between the ca. 570 Ma opening of Iapetus (Cawood et al., 2001) and
volcanism in the Tally Pond Group suggests that there might be an extensive history of
island arc magmatism prior to deposition of the Tally Pond Group that is not preserved or
alternatively, not exposed in central Newfoundland.

Given that the top of the Tally Pond Group is absent, a relationship between the
group and its original Cambro-Ordovician stratigraphic cover is not present in

Newfoundland. However, the Tally Pond Group correlates with other Cambrian volcanic
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sequences in the Appalachian Orogen, namely the New River Belt (Johnson and McLeod,
1996), where these critical relationships are present. In southern New Brunswick, the
Lower Cambrian volcanic rocks of the New River Belt are unconformably overlain by
Ordovician arenite-shale sequence (van Staal et al., 2002), typical of Gander-type rocks
in Newfoundland, thereby providing a stratigraphic links between the Mid to Lower
Cambrian volcanic sequences of the Tally Pond Group and Ganderia.

By ca. 500 Ma termination of westward obduction and partial obduction of the
Tally Pond volcanic arc had begun. Initiation of eastward subduction beneath the
Gondwanan margin and formation of a volcanic arc commenced soon afterward and is
represented by the Upper Cambrian to lower Tremadoc island arc tholeiitic rocks of the
Tulks Hill assemblage; the age of volcanism is constrained at 498 and 495 Ma (Evans et
al., 1990). All of the Lower Cambrian and Tremadoc arc volcanic rocks of the Exploits
Subzone are interpreted to represent a single south-east facing, ensimatic arc-back-arc
complex termed the Penobscot Arc (van Staal, 1994). The age of the Penobscot arc rocks
partial overlaps with the formation of Tremadoc ophiolites in the Exploits Subzone. The
Gander River Complex (O’Neill, 1991) and Pipestone Pond Complex (494 Ma, Dunning
and Krogh, 1985) probably formed in a back-arc basin that developed contemporaneously
with the Penobscot island arc (Jenner and Swinden, 1993; van Staal er al., 1998).

The hiatus of approximately 10 Ma between (ca. 485-475 Ma) volcanism in the
Penobscot and Victoria arcs is interpreted to result from the interaction of the
Gondwanan margin and a subduction zone. The difficulty in subducting buoyant
continental crust therefore caused termination of this westward subduction. This interval

also corresponds with the period of obduction of the Penobscot age ophiolites on the

293



Gander Zone in Newfoundland. Unconformities, stitching plutons and tightly-dated
movement zones constrain this event to the late Tremadoc-early Arenig (Williams and
Piasecki, 1990; van Staal and Williams, 1991; Colman-Sadd et al., 1992; Dunning et al.,
1993).

Renewed arc-related volcanism (Victoria arc of van Staal ef al., 1998) at
approximately 475 Ma is well documented in the Wild Bight and Exploits group
(MacLachlan and Dunning, 1998; O’Brien et al., 1997). This period indicates the
formation of a new subduction zone dipping east beneath the composite Gondwanan
margin, consisting of the Gander Zone continental rocks and its overlying obducted
Penobscot ophiolites (Figure 8.2). Rifting and migration of this arc formed a margin
basin termed the Exploits back-arc basin in Newfoundland and the Arenig-Llanvirn
Popelogan Arc-Tetagouche complex in New Brunswick (van Staal et al., 1998). No Mid-
Ordovician ophiolites have been recognized in central Newfoundland; however, similar
age ocean floor basalts are found in parts of the Exploits Subzone (Swinden, 1987). The
465 Ma Harpoon Gabbro that intrudes the Tally Pond Group and Tom Joe Basalts of the
Victoria Lake Supergroup are probably equivalent to these rocks and possibly formed in
the Exploits back-arc basin. Both rock sequences exhibit MORB-like geochemical
signatures with no evidence of influence from a subducting slab.

By the Caradoc, the Popelogan-Victoria Arc had accreted to the arc/back-arc
complexes of the Notre Dame Subzone (Figure 8.3). This active Laurentian margin was
separated from the Gander margin by the Exploits back-arc basin which was the site of

deep water sedimentary deposition, represented by a regionally extensive black shale
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sequence that extends throughout and is typical of the Exploits Subzone. This black shale
unit conformably overlies the volcanic rocks of the Victoria Lake Supergroup.

Closure of the Exploits Basin took place by westward subduction during the late
Ordovician and Lower Silurian. During the Silurian the last remnants of lapetus had
disappeared and the Gander margin had been juxtaposed with the Laurentian margin.
This terminal Iapetus suture (Dog Bay Line) records the transition from marine to
terrigenous sedimentation in the Exploits Subzone (Williams et al., 1993; Pollock et al.,
2003). Silurian sub aerial terrigenous sedimentary sequences (Botwood Belt) of the
Exploits Subzone unconformably overlie the volcanic, intrusive and sedimentary rocks of
the Tally Pond Group, Victoria Lake Supergroup, and Crippleback Lake quartz
monzonite.

The Neoproterozoic and early Cambrian rocks of the Tally Pond group are more
akin to rocks of the Brookville and Bras d’Or terranes in New Brunswick and Nova
Scotia than similar sequences in the Dunnage Zone of Newfoundland. Neoproterozoic
plutonic rocks in the Brookville and Bras d’Or terranes are interpreted to have been
produced in a ca. 565-555 Ma subduction zone along the peri-Gondwanan continental
margin. The presence of ca. 510 Ma plutons (White and Barr, 1996) in the Brookville
terrane indicates a tectonomagmatic event that correlates with island arc-volcanism in the
Exploits Subzone; however, the data do not indicate whether the former represents a
prolonged and continuous tectonomagmatic event between 550-500 Ma or two separate
and distinct Neoproterozoic and early Cambrian events (White and Barr, 1996).

Previous workers (Barr and White, 1996, van Staal et al., 1996) have

demonstrated that the Brookville and Bras d’Or terranes represent the eastern margin of
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the Central Mobile Belt of the Appalachians; in essence the Gander Zone. The age and
tectonothermal nature of these sequences indicate that these rocks did not experience a
similar Neoproterozoic to Early Paleozoic history to, and hence do not constitute part of,
the Avalon Zone (sensu stricto). Correlation of the Tally Pond Group with the Brookville
and Bras d’Or terranes imply that all of these sequences formed along the peri-
Gondwanan margin of Iapetus (Barr and White, 1996). The Silurian Rogerson Lake
Conglomerate that unconformably overlies the Tally Pond Group indicates that these

terranes were accreted to Laurentia by Late Ordovician-Early Silurian.

8.4 Significance of This Work

The work presented in this thesis has important implications for mineral
exploration in the Tally Pond Group, and has shown that the major massive sulphide
occurrences are typically hosted by a quartz-phyric felsic volcanic sequence. The
extensive hydrothermal alteration zones that surround the known VMS occurrences in the
Tally Pond Group extend for several hundred metres around the deposits. Therefore
locating these zones is a useful tool in finding unknown VMS deposits as they can aid in
selecting volcanic successions with and environment favourable for hosting massive
sulphide deposits and can assist in targeting specific areas for more detailed exploration.

U-Pb geochronology has shown that volcanism occurred during the Mid-
Cambrian and that mineralization occurred syngenetically with the surrounding volcanic
rocks. It has also demonstrated that the mafic intrusive magmatism in the Tally Pond
Group is Mid-Ordovician, and therefore coeval with similar magmatism in other areas of

the Exploits Subzone. New lithogeochemical and isotopic data combined with new
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interpretations of structural and stratigraphic relationships in the Tally Pond Group has
led to a new interpretation of the regional geology of the Tally Pond Group and its
particular setting within the Victoria Lake Supergroup. A new map has been produced to
demonstrate the nature of these relationships and a tectonic model attempts to portray the
Precambrian to Ordovician paleotectonic history of the Exploits Subzone of the

Newfoundland Dunnage Zone.

8.5 Outstanding Problems and Directions for Future Study

Having reviewed the principal results of this thesis and possible geological
paleotectonic evolution of the Tally Pond Group, I conclude with a summary of some of
the problems that remain unresolved and possible suggestions for future work in the Tally
Pond area of Central Newfoundland.

The nature of the internal stratigraphy of the Tally Pond Group remains
equivocal. The volcanic rocks comprise sequences of mafic volcanism interspersed with
several felsic volcanic episodes. The exact relationship between these rock units is
uncertain and careful U-Pb geochronology may help resolve the stratigraphic position of
these rocks. There is still considerable uncertainty about the nature of the original
stratigraphic base of the Tally Pond Group. An original contact between the Tally Pond
Group and its substrate has not been identified and is inferred based on correlation with
surrounding units. The nature of this relationship is important, because I cannot preclude
the presence of Precambrian volcanic rocks in central Newfoundland. Stratigraphic and
structural relationships in the northeast part of the Tally Pond Group suggest that

Precambrian volcanic rocks may be present in the Sandy Lake sequence adjacent to the
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Crippleback Lake quartz monzonite pluton. Careful field mapping coupled with whole-
rock lithogeochemical analyses and U-Pb geochronology may locate and confirm or

refute the presence of such rocks.

The nature of influence by continentally derived sediments and continental
lithosphere on the volcanic rocks of the Tally Pond Group remains unclear at present.
Precambrian inheritance has not been identified in zircons from the Tally Pond Group
and therefore Nd-isotopic studies of the volcanic rocks should aid in determining the
possible influence of Ganderian and/or Avalonian continental crust. The clastic
sedimentary rocks that are located between the Tally Pond Group and Tulks Hill
assemblage were not studied in detail. Future research could focus on categorizing and

potentially subdividing these rocks.

The gabbroic intrusions in the Tally Pond Group may possibly host auriferous
quartz veins. Although no auriferous veins were found in the course of this study, similar
gabbroic intrusions elsewhere in the Exploits Subzone are known to contain abundant
gold-bearing mesothermal quartz veins (Evans, 1996). Volcanogenic massive sulphide
deposits within the Tally Pond Group remain a significant exploration target with
excellent potential for further discoveries. Extensive areas remain that have only had

preliminary reconnaissance exploration.

The results presented in this thesis have answered many of the fundamental
geological problems that exist in the Tally Pond area. These same results, however, have
generated more questions about the detailed geology than were originally contemplated
during the initiation of this study. [ hope that this work provides a capable foundation for

future workers who strive to solve the myriad of present or some unforeseeable problems.
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APPENDIX A

A.1  Sampling procedure

This study primarily involved bulk sampling of drillcore from the Tally Pond
area, supplemented by samples selected from surface units during field mapping. The
purpose of this sampling procedure was to provide an adequate spatial representation of
the surface geology and to expand this dataset in areas of deficient surface outcrops by
sampling diamond drill-holes.

Sufficient material (e.g. 15-40 cm in diameter) was sampled to allow for
lithogeochemical and petrologic analysis. Samples were cut with a diamond tipped saw to
remove weathered edges in order to obtain material for chemistry, with small blocks kept
for thin sections and hand specimen. Samples of similar lithologic character (i.e. mafic,
felsic, sulphides) were crushed in groups to minimize intergroup contamination between
samples.

All samples were crushed in a steel jaw crusher to reduce the samples to ~ 1 cm
size rock chips, and these were then placed in a tungsten carbide bowl-puck mill and
ground for ~ 2-3 minutes to reduce the sample to a very fine powder (200 mesh/74 p).
The jaw crusher was extensively cleaned between each sample, and silica sand was

periodically powdered in the bowl-puck mill in addition to the normal cleaning between

A-1



samples to account for any potential cross contamination between samples. These
powders were used in all of the whole rock geochemical techniques (e.g. XRF and ICP-
MS). Processing occurred at the Department of Earth Sciences, Memorial University of
Newfoundland and at the Department of Mines and Energy Laboratories, St. John's,
Newfoundland.

Thin sections from the Tally Pond Group were produced at the Department of
Earth Sciences, Memorial University of Newfoundland. A representative selection of
rock types was selected for thin section and polished thin sections were produced for

mineralized samples and electron microprobe analyses.

A.2  X-Ray Fluorescence (XRF) analysis
Selected major and trace element analysis were carried out at Memorial
University of Newfoundland, Department of Earth Sciences, X-Ray Fluorescence
laboratory using a Fisons/ARL model 8420 + sequential wavelength-dispersive X-Ray
spectrometer. Analyses were from pressed pellets which were prepared following the
method of Longerich (1995) as follows:
1) 5.00 grams of rock powder and 0.70 grams of BRP-5933 bakelite phenolic
powder resin were placed in a glass jar with two stainless steel ball bearings and
homogenized for ~10 minutes, or till well mixed.
2) the mixture was then placed in a pellet press and pressed for 5 seconds at a
pressure of 20 tonnes.

3) the pressed pellets were then placed in an oven and baked for 15 minutes at

200°C.



Data collection was carried out via an automated computer system attached to the
XRF. In addition to the pressed pellets obtained from the samples being analyzed for the
purpose of this thesis, four quality control reference materials (AGV-1, DNC-1, JG-1,
and BCR-1) as well as five internal standards were analyzed (DTS-1, United States
Geological Survey (USGS) reference material; BHVO-1, USGS reference; SY-2 and
SY-3, syenite from the Canadian Certified Reference Materials Project and PACS-1,
National Research Council of Canada reference material). Published values for the
reference materials used are published in Potts ef al. (1992), Jenner et al. (1990), and
Longerich et al. (1990).

Analysis for 30 elements were conducted via this method consisting of:
quantitative elements ( P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Rb, Sr,
Y, Zr, Nb, Ba, Ce, Pb, Th, and U) and semi-quantitative ( Na, Mg, Al, Si). The limits of
detection vary depending upon the elemental group being considered; details of
calibration, matrix corrections, precision and accuracy are all described in detail in
Longerich (1995). As quoted by Longerich (1995), limits of detection range from 120
ppm for Na,O and MgO to less than 20 ppm for MnO, K,0O, and CaO; with detection
limits for trace elements, in brackets, as: Sc (6), V (6), Cr (7), Ni (5), Cu (4), Zn (3), Rb

(0.7), Sr (1.2), Y(0.7), Zr (1.2), Nb (0.7), Ba (23), and Pb (4).

A.3  Precision and accuracy
Precision and accuracy associated with the XRF analysis are based upon five
replicate analyses on standard DNC-1 between September 2000 and November 2002.

Precision is typically excellent (0-3 % RSD) for all major oxides. Precision for trace



element data was excellent (0-3 % RSD) with the exceptions of S, Sc, Ba, Rb, and Nb
(Table A.1). Many of these elements with higher RSD’s have very low concentrations in
this standard; thereby explaining the lower precision. The long term precision varies from
2 (Rb, Sr) to 5 % (Ba, Nb, Zr, Y) RSD at the 1o level. The limit of detection varies for
each element and ranges from 0.6 ppm for Nb and Y, 0.7 ppm for Rb, 1.1 ppm for Sr and
Zr, and 21 ppm for Ba (Longerich, 1995).

Accuracy is typically considered excellent (Table A.1) (RD’s from 0-3 %) with
the exception of P,Os, A1,03, S, and Zr. Again, low concentrations of these elements
explain the poor statistical results. Although the elements Na, Al, Mg, and Si are typically
considered to be semi-quantitative (Longerich, 1995), they were found to have good
accuracy and precision and are considered useful for the purposes in this study. The
major element data (Tables A2-A.8) reported is the analytical total and do not always
total 100 %, thereby reflecting the semi-quantitative nature of the pressed-pellet powder
data. The data for all samples, however, were recalculated to 100 % anhydrous for

interpretation.
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Table A.1 Precision and accuracy for standard DNC-1 calculated from 5
XRF determinations over the period October 2000 to June 2002.

Element Mean values RSD % Quoted MUN values RD %
ppm rock (n=5)

Na20 0.02 1.44 1.94 1.05

MgO 0.10 0.71 0.10 2.07

Al203 0.19 0.54 0.18 6.67

Si02 0.44 0.62 0.44 0.30

P205 0.00 3.06 0.00 6.65

K20 0.00 1.94 0.00 0.56

CaO 0.11 0.76 0.11 0.46

TiO2 0.00 0.67 0.00 0.15

MnO 0.00 2.04 0.00 -2.19
Fe203T 0.10 0.34 0.10 -1.05
S 1198 4.82 1032 16.15
Sc 29 15.10 31 -4.85
Vv 144 3.19 148 -2.63
Cr 299 1.80 307 -2.74
Ba 108 9.40 115 -5.92
Ni 238 1.50 252 -5.55
Cu 83 2.06 87 -4.59
Ga 145 3.75 14 413

Rb 3.57 4.84 3.4 5.14

Sr 143 0.77 142 0.72

Y 15.4 6.57 16 -2.83
Zr 38.2 3.24 36 6.33

Nb 1.93 17.17 2 1.51

All major element oxide reorted as weight percent (%) and trace elements reported
to ppm.
Quoted MUN values are long term averages of Longerich (1995)

RSD is relative standard deviation
RD is relative difference to the standard value
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Table A.2 Pressed pellet X-ray fluorescence (XRF) data for the volcanic and intrusive rock of the Tally Pond Group, Duck Pond area.

Sample JP-00-127 JP-00-202 JP-00-176 JP-00-177 JP-00-178 JP-00-180 JP-00-182 JP-00-185 JP-00-188 JP-00-193 JP-00-194 JP-00-195

Sl02 wt% 75.5 68.1 46.1 72.8 66.9 46.3 70.5 61.5 455 77.8 46.8 46.1
TiO2 wt% 0.21 0.2 4,02 0.17 0.23 1.57 0.19 0.15 0.79 0.15 0.87 2.81
Al203 wi% 15.5 18.8 12.2 15.3 17.6 15.7 16.9 22.3 18.6 13.2 15.4 12.2
Fe203 wt% 0.13 0.19 3.24 0.4 0.69 2.7 0.36 1.5 1.83 0.07 1.88 2.94
FeO wt% 0.65 0.99 16.5 2.06 3.53 13.8 1.86 7.67 9.34 0.34 9.58 15
MnO wi% 0.03 0.08 0.25 0.02 0.06 0.24 0.03 0 0.3 0.01 0.17 0.24
MgoO wt% 0.83 1.78 6.06 2.56 3.88 11.2 4.4 1.15 5.94 0.36 12.5 5.88
Ca0O wt% 1.3 4.08 8.17 0.32 0.36 423 0.24 0.07 13.2 0.63 8.03 10.4
Na20 wt% 3.5 1.24 249 4.66 3.14 3.66 2.23 0.35 0.32 7.33 2.66 2.56
K20 wt% 2.27 45 0.64 1.69 3.62 0.21 3.3 5.37 4.05 0.15 2.01 1.47
P205 wt% 0.02 0.02 0.31 0.01 0.03 043 0.01 0.01 0.04 0.01 0.07 0.41
Total 100 100 100 100 100 100 100 100 100 100 100 100
Sc ppm 50.4 19.5 246 51.8 11.7 18.5 48.5 30 32.3 31.6
v ppm 18.6 509 12.3 440 9.43 422 302 322
Rb ppm 30.3 63.5 19.3 25.3 571 249 50.2 70 48.8 1.84 30.1 52.3
Ba ppm 987 2180 182 444 448 0 2130 1330 706 879 225
Sr ppm 61.9 89.6 254 63.8 60.8 112 16.1 18.8 297 86.4 237 342
Nb ppm 8.5 6.8 20.4 6.49 7.4 3.16 8.38 7.99 2.18 10.2 2.11 20.9
Zr ppm 212 144 237 194 208 54.6 169 202 375 207 54.5 253
Y ppm 28 245 37.3 44.9 449 23.3 40 30.5 10.6 37.7 19.3 38.2
Th ppm 6.21 7.71 6.88 5.77 8.17 8.23

Ce ppm

Ga ppm 15 17.6 24.4 15.7 23.6 26.5 14.2 21.6 18.1 7.4 15.7 26.1
Cr ppm 28.3 16.3 14.9 58.2 14.3 15.6 303

NI ppm 523 103

Cu ppm 73.1 20.4 15.2 58.2 38.9 53.2
Pb ppm 10 84.6 11

Zn ppm 130 29.6 56.9 72.7 15.7 348 33.2 92.5
S ppm 1060 3770 1690 55.4 3320 1180 345 62200 11000 1010 138 2850
As ppm 4041 3741 24.2 150 744

u ppm

Cl ppm 89.1 175 65.2 63 67.8 90.4
Mg # 65.9 73.2 35.7 65.2 62.5 55.1 78.2 18.6 491 61.6 66.4 37.3

All elements are recalulated to 100 % anhydrous.
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Table A.2 Pressed pellet X-ray fluorescence (XRF) data for the volcanic and intrusive rock of the Tally Pond Group, Duck Pond area.

JP-00-199 JP-00-202 JP-00-207 JP-00-208 JP-00-209 JP-00-210 JP-00-212 JP-00-215 JP-00-275 JP-00-276 JP-00-277 JP-00-279

S102 wt% 79.6 71.6 72.8 68.4 495
TIO2 wt% 0.13 0.14 0.18 0.28 0.77
AI203 wi% 13.3 16.8 16.3 15.4 16.1
Fe203  wit% 0.16 0.44 0.37 0.57 2.2
FeO wi% 0.81 2.26 1.88 2.92 11.2
MnO wit% 0.04 0.01 0.04 0.05 0.22
MgO wt% 1.03 5.56 1.49 2.51 9.06
Ca0 wi% 1.23 0.07 1.73 2.15 5.27
Na20 wt% 1 1.31 2.45 7.08 4.88
K20 wt% 2.74 1.79 2.73 0.61 0.66
P205 wit% 0.02 0.01 0.02 0.05 0.05
Total 100 100 100 100 100
Sc ppm 14.4 20.8 14 13.8 60.3
v ppm 18.9 404 8.35 16.1 414
Rb ppm 323 28.3 38.4 7.15 6.5
Ba ppm 360 889 1280 170 158
Sr ppm 27 69.8 42.4 94.4 73.9
Nb ppm 5.95 6.02 8.3 8.06 3.88
Zr ppm 135 159 182 280 70.8
Y ppm 36.4 33.6 40.9 46 21.1
Th ppm 5.96 4.56 7.45 8.34

Ce ppm

Ga ppm 12.3 16.1 13.8 20.6 18.9
Cr ppm 10.9 203
NI ppm 84.1
Cu ppm 66.2
Pb ppm 45.6 9.33
Zn ppm 9.22 28.8 31.3 117
S ppm 1290 13800 5470 73.2 2220
As ppm 271 76.3 42.4 70
U ppm 5.16
Cl ppm

Mg # 65.9 78.8 54.7 56.6 55

All elements are recalulated to 100 % anhydrous.

47.8
1.55
134
2.89
14.7

0.3
7.44
7.74
3.22
0.77
0.18

100

421
337
9.63
382
338
18.9
226
38.2

23.8
34.9

29
70.8

82.4
944

43.3

71.8
0.14
19.9
0.35
1.79
0
1.25
0.09
0.75
3.89
0
100

15.4

59.7
1470
244
5.98
164
20
7.28

17.9

4.6

13200
52.4

51.4

74.6
0.19
15.9
0.34
1.74
0.06

0.4
0.51
2.24
3.99
0.02

100

58.5
1020
40
8.03
213
46.2
7.84

18.6
16

32.4
370
39.6

25.9

73.4
0.25
13.5
0.51
2.62
0.12
1.47
2.57
4.05
1.48
0.02

100

24.2
217
303
6.8
177
40.6
156
31.1

7.24

33.2
981

46

47.8
0.73
14.1
1.57
8
0.21
9.49
13.1
3.93
0.96
0.06
100

48.8
385
9.37
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258

37
13.8
7.13

10.2
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96.9
52.6

16.6

949
42.6

64.2

47.4
2.27
13.4
2.69
13.7
0.23
7.51
8.59
2.77
0.96
0.37

100

279
11.3
425
444
18.4
253
40.2
8.77

20.9
42.1
32.9
96.3
87.3
239
82.8

45.3

74.7
0.15
14.1
0.21
1.08
0.05

0.4
2.03
4.67
2.56
0.02

100

24.1
24.3
560
58.4
712

182
57.8

14.4

128

35.8



Table A.2 Pressed pellet X-ray fluorescence (XRF) data for the volcanic and intrusive rock of the Tally Pond Group, Duck Pond area.

JP-00-284 JP-00-288 JP-00-201 JP-00-106 JP-00-73 JP-00-123 JP-00-05 JP-00-94 JP-00-62 JP-00-158 JP-00-72 JP-00-88

Si02  wi% 39.8 79.4 51.1 52.1 45 77 75.4 457
TIO2 Wwi% 2.02 0.09 3.46 0.32 0.23 0.14 0.17 0.19
A203  wi% 25.6 9.41 19.6 31.5 16.7 13.8 11.1 23
Fe203  wi% 0.74 0.63 0.9 0.44 2.28 0.32 0.38 3.19
FeO wi% 3.79 3.21 46 2.24 11.6 1.65 1.92 16.3
MnO wi% 0.22 0.03 0.12 0.03 0.19 0.07 0.07 0.3
MgO Wi% 7.24 2.53 15.6 4.7 23 3.91 1.06 5.97
ca0 Wi% 15.2 2.58 1.46 0.02 0.22 0.08 4.66 0.14
Na20  wi% 3.67 0.54 0.82 0.21 0.34 0.17 5.11 2.25
K20 wi% 1.64 1.55 2.15 8.48 0.47 2.87 0.04 2.99
P205 W% 0.16 0.26 0.01 0.03 0.05 0.04 0.01
Total 100 100 100 100 100 100 100 100
Sc ppm 39.9 58.6 21.9 23.2 14.9 12.4 2.91
v ppm 310 205 405 5.7 0.32 20.2 7.82 1.4
Rb ppm 25.9 242 413 156 6.94 515 0.1 437
Ba ppm 2740 1930 1690 3950 164 1530 26.4 1440
Sr ppm 325 26.1 58.3 9.66 125 5.67 142 76.4
Nb ppm 14.1 3.96 24.8 12.3 9.62 4.96 5.92 8.52
Zr ppm 142 79.2 270 386 254 143 169 217
Y ppm 24.2 8.68 44.4 98 53.4 31.7 44.1 56.6
Th pPpM 7.38 21.2 8.71 6.75 2.44 3.11 14.2
Ce ppm 74.8 29.3 45 35.2 60.5
Ga ppm 21.3 14.9 25.8 66.4 23.7 13.7 10.4 29.8
Cr ppm 193 43.9 9 1.6 1.8 31.3 2
Ni ppm 16.5 <10 <10 <10 <10 <10 <10 <10
Cu ppm 2220 10.9 17.1 81 0.11 2770
Pb ppm 3110 27.1 14 120 30 23
Zn ppm 41.1 2320 99.4 495 120 312 16 184
S ppm 326 33000 678 651 406 4610 734 66900
As ppm 124 174 35.6 2,57 0.01 18.6 0.6 112
U ppm 4.67 3.8 0.53 2.16 3.17
cl ppm 10.4 52.7 51.7 55.8 49.7
Mg # 743 54.4 83.7 76.1 74.9 78.2 45.5 35.7

All elements are recalulated to 100 % anhydrous.

73.4
0.16
15.6
0.39
1.98
0.08
4.63

0.1
0.19
3.43
0.01

100

11.4
0.71
54.4
586
4.4
5.71
151
38.2
4.3
49.1
12.7
5.1
<10
93.2
221
114
8110
48.7
1.05
107

78

72.3
0.12
13.8
1.62
8.24
0
0.71
0.02
0.02
3.22
0.01
100

14.5
0.97
48.7
628
3.39
5.35
129
39.3
15.6
21.5
7.27
2.97
<10
8370
12.5
141
84700
211
5.64
-13

11.6

45.8
0.19
156
2.49
12.7
0.19
23
0.27
0.18
0.12
0.07
100

19.3
2.02
1.7
43.4
5
8.6
229
55.8
7.24
17.5
24.7
0.65
<10
73.4
34
181
3710
13.9
5.52
54.7

73.4

69.3
0.13
16
0.71
3.64
0.18
6.99
0.06
0.33
2.64
0.01
100

13.5
2.2
39.2
1960
8.55
6.03
144
34.1
2.64
25.6
17.8
1.1
<10
0.79
30
43.9
4500
18.3
1.09
181

74.4



Table A.2 Pressed pellet X-ray fluorescence (XRF) data for the volcanic and intrusive rock of the Tally Pond Group, Duck Pond area.

JP-00-64 JP-00-113 JP-00-97 JP-00-127 JP-00-108 JP-00-120 JP-00-30 JP-00-06 JP-00-156 JP-00-27 JP-00-04 JP-00-07

Si02 wi% 70.8 60.2 76 71.8 68.9 53 727 66.6 78.6 53.8 51.1 45.3
TiO2 wt% 0.17 0.18 0.16 0.12 0.12 0.16 0.24 0.33 0.12 1.2 1.19 33.6
Al203  wit% 18.6 16.1 16.2 15.3 10.9 12.7 9.61 14.9 14.6 14.9 14.4 10.2
Fe203  wt% 0.37 0.98 0.45 1.21 1.94 1.88 0.64 0.78 0.41 2.08 2.3 0.56
FeO wt% 1.88 5.01 2.27 6.17 9.89 9.57 3.27 3.97 2.1 10.6 11.7 2.85
MnO wt% 0.1 0.34 0.01 0.02 0.14 0.27 0.12 0.14 0 0.28 0.29 0.05
MgO wt% 3.46 14.6 1.13 1.5 6.92 22.2 2.67 3.84 0.78 6.62 9.44 0.75
CaO wt% 0.09 0.04 0.04 0.03 0.03 0.03 6.56 3.45 0.03 5.93 4.61 1.58
Na20 wt% 0.28 0.15 0.34 0.21 0 0.2 3.94 4.22 0.2 3.9 4.74 5
K20 wt% 423 2.42 3.34 3.63 1.23 0.07 0.18 1.72 3.22 0.57 0.11 0.09
P205 wt% 0.01 0.02 0.01 0.01 0.01 0.01 0.07 0.05 0 0.15 0.11 0.1
Total 100 100 100 100 100 100 100 100 100 100 100 100
Sc ppm 20 156.5 13.5 8.32 14.6 10.8 15.8 18.6 15 423 52.3 25.2
\ ppm 25 2.87 5.59 0.38 5.4 9.63 65.8 491 1.8 428 543 1.73
Rb ppm 70.8 445 51.8 54.5 19.2 1.14 1.88 38.2 48.9 9.59 1.64 1.27
Ba ppm 709 1760 1650 1180 476 62.9 78 365 997 408 151 34.4
Sr ppm 4.93 3.19 9 3.14 1.36 1.62 88.7 55.7 5.64 111 209 44.6
Nb ppm 6.86 6.46 5.84 4,96 5.08 74 3.12 2.01 4.48 3.76 3.47 2.86
Zr ppm 183 191 155 138 136 171 156 90.3 143 87.6 70.9 102
Y ppm 43.6 45.5 38.4 253 28.3 37.4 42.3 314 33 30.3 25.3 32.2
Th ppm 4.9 5.95 434 6.58 5.67 10 0.51 0.3 5.52 1.76 2.03 2.19
Ce ppm 50.2 50 19 6.7 35.6 48.9 4.2 13 29.8 34.8 2 15.7
Ga ppm 16.1 22.8 14 12 14.1 40.3 9.26 18.4 13.8 18.4 23.8 15.1
Cr ppm 4,05 26.8 1.9 1.11 0.54 1.6 394 5.17 2.93 8.38 3.5 0.81
NI ppm <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
Cu ppm 86 33.2 1580 421 7530 134 33.1 2.23 194 1 38.4 1.3
Pb ppm 8.13 36.2 30 14 8.7 138 35 33 19 27 31 33
Zn ppm 3.36 176 4.6 3100 117 3780 10 27.9 1960 50.9 74.6 9.6
S ppm 7880 3160 15900 51000 27900 21400 2190 2Nn 18700 4410 1860 423
As ppm 140 8.41 6.72 70.7 74.4 119 0.9 10.4 100 55.9 12.6 10.7
] ppm 4.01 3.22 3.86 3.77 2.39 3.77 2.7 0 0.55 0.47 1.46 3.05
Cl ppm 45.6 21.8 323 20.7 64.1 69.7 92.6 38.3 201 13.2 35.9 325
Mg # 73.6 81.6 43 26.9 51.4 77.8 55.3 59.5 35.9 48.6 55 28.5

All elements are recalulated to 100 % anhydrous.



Table A.3 Major and trace element data for the mafic volcanic rocks of the Duck Pond area .

Sio2
TiOo2
Al203
FeO
MnO
MgO
CaO
Na20
K20
P205
LOI
Total

Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Mg#

Total is analytical total. All elements recalculated to 100 % anhydrous

Sample 1542501 154502 1542511 1542512 1543029 1543281 1543282 1543283 1543322
wt % 58.6 492 54.7 37.6 58.7 51.2 54.2 48.6 53.5
wt % 1.16 1.13 1.2 1.02 1.19 1.02 0.97 0.95 1.38
wt % 17 16.6 16.5 13.2 15.4 17.4 19.2 18.1 20.7
wt % 9.56 12.4 10.8 9.21 10.5 9.64 10.9 11.8 9.45
wt % 0.07 0.25 0.18 0.22 0.12 0.24 0.08 0.2 0.07
wt % 2.87 8.76 5.79 8.88 5.99 9.68 5.87 9.59 8.32
wt % 3.87 6.09 6.93 27.2 3.48 4.94 2.42 5.71 0.42
wt % 5.47 3.41 3.46 2.08 464 2.88 4.99 4.18 5.76
wt % 1.23 1.92 0.04 0.56 0.11 2.88 1.17 0.85 0.11
wt % 0.17 0.19 0.31 0.12 0 0.13 0.11 0.07 0.31
wt % 2.05 4.42 4.98 15.6 4.98 7.17 6.06 4.62 4.48
102 104 105 116 105 107 106 105 104

ppm 35 26 25 a4 31 a4 44 41 35
ppm 375 372 375 248 328 388 459 416 328
ppm 19 14 0 2 6 16 21 8 2
ppm 23 0.16 0.03 0.07 0.07 0.26 0.72 0.55 0.3
ppm 63 181 41 228 38 498 414 221 38
ppm 194 218 667 215 55 103 98 194 33
ppm 23.1 19 0 0 10.6 24.4 29.8 36.4 429
ppm 0.15 0.11 0.13 0.11 0.12 0.09 0.14 0.09 0.13
ppm 2 1.8 1.9 15 2 1.1 22 1.2 2.2
ppm 1.47 1.61 1.54 1.43 2.3 1.77 1.94 1.18 2.11
ppm 45 49 48 33 66 40 56 45 67
ppm 17 20 19 23 19 18 11 15 15
ppm 1.78 0.97 1.24 1.06 1.38 0.88 1.28 0.79 0.98
ppm 1.86 0.36 0.47 0.39 0.59 0.8 1.84 0.75 0.73
ppm 7.25 6.06 7.06 5.62 5.67 2.58 9.07 3.53 4.62
ppm 18.3 15.6 17.3 13.1 15 7.81 21.1 8.75 12.4
ppm 2.56 2.16 2.28 1.85 21 1.28 2.82 1.24 1.95
ppm 11.9 10.2 11 8.92 10.2 6.59 12.1 6.08 10.7
ppm 3.16 2.89 29 2.89 3.29 2.21 3.13 1.69 3.21
ppm 1.09 1.02 0.96 0.83 1.31 0.82 0.9 0.6 0.97
ppm 412 3.65 357 3.69 3.79 2.94 3.26 2.47 3.74
ppm 0.6 0.57 0.5 0.6 0.52 0.43 0.33 0.38 0.46
ppm 3.9 3.91 3.72 451 39 3.41 2.19 2.88 3.33
ppm 0.76 0.81 0.79 0.93 0.84 0.7 0.48 0.59 0.8
ppm 2.39 2.33 222 2.72 2.28 2.11 1.23 1.73 2.46
ppm 0.26 0.35 0.31 0.38 0.3 0.33 0.19 0.28 0.28
ppm 1.58 2.36 2.08 2.46 222 1.9 1.44 1.78 1.88
ppm 0.28 0.35 0.31 0.34 0.3 0.27 0.17 0.27 0.27
31.9 55.8 48.8 63.2 50.5 64.2 48.9 59.3 61.1
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Table A.4 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the Higher Levels area.

Sample 171723 171724 171725 171726 171727 171728 171729 171730 171731 171732 171733 171734 171735

Si02 72.3 54 73.6 78.7 70 76.7 48 59.8 73.3 37.7 68.5 73.2 82.4
Tio2 0.23 0.89 0.28 0.19 0.32 0.25 0.78 1.22 0.26 0.86 0.27 0.29 0.15
Al203 12.1 14.8 11.9 11.8 14 12.6 13.6 156.2 12.6 154 12.9 14.6 10.6
Fe203 2.7 11.9 2.05 2.51 4.1 1.82 10.9 9.13 5.4 9.55 3.29 1.84 0.52
MgO 0.5 3.99 0.46 0.61 1.57 0.5 4.19 5.07 0.75 6.74 2.96 0.52 0.31
MnO 0.15 0.21 0.13 0.04 0.09 0.03 0.17 0.08 0.02 0.24 0.1 0.04 0.03
Ca0 3.08 4.21 3.14 0.36 1.74 0.02 10.1 1.24 0.11 10.1 242 1.32 0.48
K20 1.34 0.78 1.63 2.31 1.1 6.1 0.45 0.28 3.17 0.72 1.21 2.57 1.82
Na20 418 2.77 3.79 1.82 44 0.01 0.81 3.58 0.58 2.33 4.01 2.92 2.24
P205 0.05 0.21 0.06 0.04 0.06 0.05 0.14 0.21 0.05 0.11 0.05 0.05 0.03
LOI 3.2 6.25 3.25 1.75 2.75 1.6 11.3 4.05 3.9 16.5 4.8 2.75 1.65
Total 99.8 100 100 100 100 99.7 100 99.9 100 100 101 100 100
Sc 1.7 12.6 1.6 0.5 27 0.5 18.7 16.4 0.5 14.4 0.9 0.5 0.5
v 2 181 3 2 10 2 170 200 5 82 4 2 2
Rb 32 10 24 39 13 111 10 10 50 10 17 35 30
Ba 293 144 217 445 300 1510 106 163 2490 485 652 680 500
Sr 225 74 134 37 198 10 85 28 21 279 76 63 28
Ta 1 2 1 1 2 1 3 3 3 4 3 1 1
Nb 1 21 15 14 23 33 19 13 16 10 19 12 23
Zr 154 61 170 199 166 150 39 87 130 52 123 145 114
Y 53 12 72 61 82 34 10 18 36 12 22 46 21
La 16.7 6.9 14.9 13.5 14.1 18.1 5.6 7.8 6.2 4.2 4.4 19.5 14.8
Cu 3.8 90.9 12.6 3.4 9.6 2.6 34 2.6 14.8 16.2 1.6 22 2.3
Pb 12 2 2 6 8 2 2 2 22 2 5 21 9
Zn 47.7 90.5 21 454 94.2 29.1 71.4 80.6 16.1 67.9 92.1 68.8 116
Ag 0.1 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.5 0.1 0.1 0.1 0.1
Hg 10 7 5 10 6 5 5 5 52 5 9 7 14
As 3 3 4 3 3 8 3 3 165 41 3 11 3
Ni 1 7 1 2 4 1 32 10 3 35 1 2 1
Cr 81 28 85 76 92 72 43 36 81 25 40 27 44
UTMX 523600 523500 523425 523300 523225 523400 523700 523175 523075 523070 523000 523450 523250

UTMY 5377020 5376875 5376800 5376775 5376800 5378150 5376325 5376250 5375875 5375875 5375750 5375350 5375250
Total is analytical total. All elements recalculated to 100 % anhydrous
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Table A.4 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the Higher Levels area.

Sample 171736 171737 169110 169111 169112 182564 182565 182566 182567 182568 182569 182570 182571

Si02 69.4 76.1 69.5 64.4 83.4 67 65.7 66.6 78.1 64.5 64 73.5 69
TiO2 0.62 0.35 0.21 0.49 0.22 0.65 0.73 0.61 0.28 0.52 0.46 0.56 0.31
Al203 154 12.3 12 16 9.39 14.6 17.5 16.2 1 12.6 14.8 12.5 16.5
Fe203 3.79 1.44 5.43 5.73 0.77 5.25 3.19 4.39 3.32 5.62 4.09 3.61 1.77
MgO 1.3 0.66 1.48 2.62 0.06 2.21 1.8 1.89 0.4 1.23 0.92 0.68 1.54
MnO 0.06 0.04 0.1 0.06 0.02 0.09 0.1 0.1 0.02 0.16 0.15 0.07 0.08
CaO 0.26 1.41 1.79 1.7 0.12 1.42 0.36 0.47 0.26 4.5 4.08 0.95 1.95
K20 0.7 0.68 3.1 2.75 0.04 3.17 6.55 0.51 3.24 2.66 1.41 2.23 3.92
Na20 6.77 4.44 2 2.2 5.5 1.64 0.9 7.32 0.77 1.59 4.69 2.39 1.04
P205 0.15 0.08 0.04 0.1 0.04 0.17 0.15 0.17 0.07 0.17 0.1 0.18 0.07
Lol 1.55 24 4.23 4.39 0.77 3.7 2.8 13 2.3 6.1 5.8 2.4 4.55
Total 100 99.9 99.9 100 100 99.9 99.8 99.6 99.8 99.7 101 99.1 99.7
Sc 2.1 0.9 1.7 1.2 53 0.5 2.1 1.8 1.4 0.7
v 5 2 3 2 8 2 4 2 3 2
Rb 10 10 61 72 15 47 123 10 37 24 21 37 57
Ba 576 260 452 404 142 1220 3780 476 1670 568 396 525 1090
Sr 134 85 66 14 113 10 61 89 67 105
Ta 1 3 1 1 1 1 1 1 1 1
Nb 10 12 2 2 2 19 18 13 16 10 10 15 10
Zr 125 112 138 204 121 105 123 143 104 88 122 76 151
Y 53 34 14 15 12 31 43 45 23 30 30 18 51
La 17.6 16.8 13.7 1.7 12.9 9.4 16.7 21.7 19.9 21
Cu 1.6 2.5 7 1 3 2.9 6.2 2.2 57 2.3 49.3 3.5 3.5
Pb 2 3 2 12 5 2 1 2 9 4 4 2 9
Zn 108 144 163 176 12 109 104 111 29.9 105 133 84.7 m
Ag 0.1 0.1 0.2 0.4 0.1 2.1 0.2 0.3 0.1 0.1
Hg 5 5 43 41 18 5 23 5 39 9 17 5 7
As 3 3 37 3 37 3 57 3 73 3 3 3 3
NI 1 1 1 1 1 2 1 1 1 1
Cr 29 35 10 10 1 40 92 44 93 40 66 85 49
UTMX 522650 523625 523175 522940 523250 522900 522690 522650 523120 523230 522880 522950 523170

UTMY 5375300 5375300 5377950 5377490 5377575 5374420 5374900 5375300 5374950 5374890 5374670 5374600 5375450
Total is analytical total. All elements recalculated to 100 % anhydrous
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Table A.4 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the Higher Levels area.

Sample 182572 182573 182575 182576 182577 182586 182587 182588

Si02 75.7 73.3 41.7 48.2 47.7 75.5 75 69.6
TiO2 0.18 0.22 0.68 1.02 0.59 0.21 0.29 0.26
Al203 10.9 12.6 15.6 14.8 13.7 13.5 12.4 13.3
Fe203 4.05 2.65 8.72 10.8 8.18 1.65 2.57 2.36
MgO 1.55 0.53 5.54 7.53 7.78 0.24 0.9 1.04
MnO 0.07 0.05 0.18 0.16 0.11 0.05 0.06 0.11
CaO 0.66 1.32 10.6 4.65 6.58 0.58 0.86 3.17
K20 0.78 0.45 1.6 0.12 0.2 1.86 0.32 0.28
Na20 3.42 5.93 1.8 2.51 1.92 4.85 6.39 6.87
P205 0.05 0.06 0.09 0.13 0.08 0.06 0.07 0.11
LOI 2.95 241 13.3 9.85 12.9 1.45 1.1 2.9
Total 100 99.2 99.8 99.8 99.7 100 100 100
Sc 1.3 1.4 10.4 25 22.7 0.5 25 2.5
v 2 6 79 213 117 2 4 13
Rb 10 10 22 10 24 55 18 13
Ba 397 265 317 131 128 547 164 207
Sr 73 68 101 153 146 7 119 107
Ta 1 1 1 1 1 1 1 1
Nb 16 10 10 11 10 28 13 14
Zr 126 117 36 47 22 190 164 188
Y 41 19 19 21 10 23 45 29
La 19.3 9.1 6.3 7.9 4.2 26.3 7 34
Cu 4.9 116 84.1 9.5 113 5.4 4.5 8.1
Pb 2 18 2 2 2 29 2 2
Zn 73.5 116 65 69.7 46 6.2 13.6 27.3
Ag 0.2 0.3 0.4 0.2 0.2 0.1 0.1 0.1
Hg 5 11 5 5 S 5 5 5
As 3 12 46 4 58 3 3 3
Ni 3 7 68 18 47 1 2 1
Cr 91 10 18 43 65 62 56 67
UTMX 523330 523450 524070 524190 524090 525200 524330 524680
UTMY 5375430 5375430 5375970 5375850 5375550 5378250 5379440 5379760

Total is analytical total. All elements recalculated to 100 % anhydrous
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Table A.4 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the Higher Levels area.

Sample 133231 133232 133233 115323 115321 115322 171716 171717 171718 171719 171720 171721 171722

Si02 50.1 41.6 66.7 61.2 67.7 43 76.7 75.3 78.6 56 743 72.7 722
TiO2 0.58 0.59 0.35 0.52 0.45 0.67 0.25 0.31 0.32 1.44 0.28 0.3 0.32
Al203 15.2 17.9 16.2 17.8 144 16.9 12.1 10 11.6 18.6 11.8 13.7 13.5
Fe203 9.04 5.97 3 5.31 4.1 9.44 1.89 4.69 1.4 7.59 3.56 3.97 1.78
MgO 7.13 4.48 1.09 2.76 2.58 3.9 0.41 1.82 0.21 2.63 1.44 1.83 0.75
MnO 0.09 0.16 0.08 0.06 0.05 0.14 0.06 0.07 0.03 0.1 0.08 0.08 0.09
Ca0 3.21 8.62 1.84 1.25 1.26 7.14 1.27 1.47 0.24 2.44 1.04 0.68 2.27
K20 0.76 3.93 1.42 1.81 0.92 3.47 1.5 0.28 0.3 3.25 1.07 1.74 0.29
Na20 3.39 1.03 5.14 4.48 4.73 13 4.52 3.82 6.41 1.22 3.4 2.82 6.91
P205 0.1 0.08 0.06 0.1 0.11 0.12 0.05 0.06 0.06 0.04 0.05 0.06 0.06
LOl 9.54 15.6 4.7 3.93 3 9.54 1.55 2.3 0.65 53 2.5 2.45 2.15
Total 99.2 100 99.6 99.2 99.3 95.6 100 100 99.8 98.6 99.5 100 100
Sc 0.5 4 1.6 6.7 1.3 1.3 2.2
v 2 4 2 87 4 3 2
Rb 24 72 39 60 27 80 35 11 10 75 22 28 13
Ba 358 431 299 377 271 286 298 120 130 401 222 318 113
Sr 101 62 170 75 131 117 174
Ta 4 2 1 3 4 1 3
Nb 1 1 2 2 1 1 16 10 22 10 13 10 19
Zr 85 27 226 223 183 32 160 157 165 69 160 182 182
Y 40 70 61 10 30 53 49
La 14.3 9.3 10.1 6.4 9.4 11 1
Cu 63.4 104 2 46.5 9.2 774 3.9 4.7 5 46.9 4.6 3.9 4.1
Pb 6 2 2 2 2 5 2 2 2 3 10 1 8
Zn 95.6 68.2 58.6 44.8 87.7 57.9 43.3 137 35.2 73.2 72.6 86 32.8
Ag 0.1 0.1 0.1 0.1 0.2 0.1 0.1
Hg 13 1 9 3 3 10 10 6 8 6 8 7 6
As 21 54 3 8 9 25 3 3 3 3 41 3 3
NI 2 1 2 1 4 1 2
Cr 27 17 18 23 23 12 93 12 15 26 77 69 10
UTMX 523025 523025 523025 523000 523000 523000 522900 522800 523075 523050 523175 523325 523300

UTMY 5377300 5377300 5377300 5377450 5377430 5377420 5378230 5378100 5377950 5377850 5377450 5377400 5377350
Total is analytical total. All elements recalculated to 100 % anhydrous
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Table A.5 Major and trace element data for the volcanic rocks of the Lemarchant-Spencer’s Pond area.

Sample 171715 171701 171702 171703 171704 171705 171706 171707 171708 171709 171710 171711 171712

Si0o2 69.20 53.80 76.90 83.30 81.00 69.20 70.80 68.80 71.40 73.50 72.10 75.60 76.00
TiO2 0.38 0.68 0.46 0.30 0.25 0.52 0.43 0.39 0.41 0.35 0.43 0.27 0.30
Ai203  15.30 18.40 10.90 9.27 11.40 13.90 18.10 14.80 16.80 15.10 15.90 14.70 15.00
Fe203 3.73 9.00 5.04 1.47 0.79 5.14 2.10 3.84 2.58 3.26 3.24 2.44 1.91
MgO 0.73 3.27 0.61 0.46 0.34 2.98 0.25 2.05 0.40 0.49 0.46 0.32 032
MnO 0.16 0.12 0.08 0.03 0.07 0.12 0.01 0.06 0.08 0.08 0.04 0.09 0.03
CaO 2.40 2.77 0.46 0.49 0.36 0.57 0.02 2.97 0.15 0.09 0.21 0.03 0.05
K20 3.46 2.98 1.50 1.65 2.88 0.99 4.81 2.07 4.53 3.86 4.35 3.90 3.93
Na20 0.49 2.72 0.41 0.15 0.70 3.67 0.26 1.98 0.18 0.17 0.17 0.14 0.18
P205 0.14 0.27 0.13 0.05 0.10 0.16 0.06 0.09 0.16 0.11 0.17 0.04 0.05
LOI 3.95 5.82 2.65 1.80 1.85 2.70 3.10 2.70 3.06 3.00 3.15 2.60 2.55
Total 99.94 99.83 99.14 98.97 99.74 99.95 99.93 99.75 99.69 100.01 10022  100.13  100.32

Sc 0.6 2.8 2.2 0.5 05 3.4 0.5 1.0 0.5 0.5 0.5 0.5 05
\ 9 54 25 3 2 60 5 16 5 6 5 3 3
Rb 119 56 33 46 40 25 170 46 171 131 176 135 132
Ba 1430 1130 381 407 2360 449 1040 503 702 857 760 992 986
Sr 52 83 46 10 10 68 24 280 34 35 17 17 32
Ta 2 1 1 2 1 3 1 2 4 2 1 1 1
Nb 16 10 16 29 27 12 22 10 20 20 10 10 23
Zr 180 50 36 202 90 43 228 92 194 204 207 215 222
Y 14 20 19 43 32 10 22 16 10 14 10 21 10
La 24.9 16.8 5.5 11.9 12.6 7.3 24.2 7.2 21.2 20.7 21.3 24.7 25.2
Cu 4.7 8.2 32000 117 9.5 7.6 10.1 10.2 6.9 9.5 41.0 9.1 9.0
Pb 2 2 2 2 18 2 27 2 16 5 5 2 1
Zn 91.9 69.7 53.9 19.6 27.0 84.9 7.1 55.0 29.3 51.4 49.3 37.1 34.4
Ag 0.3 0.1 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Hg 6 5 40 6 7 9 1 7 41 9 8 18 17
As 3 3 4 3 3 3 9 3 3 3 5 3 3
Co 5 17 1 2 1 13 1 6 3 5 4 4 2

NI 2 5 13 2 2 9 1 1 2 1 1 3 1

Cr 81.00 55.00 15.00 14.00 99.00 12.00 68.00 78.00 78.00 92.00 97.00 80.00 85.00

UTMX 518670 520000 520100 520200 519760 519240 520400 520300 520500 520530 520940 521050 521110
UTMY 5372670 5371800 5372060 5372320 5372650 5372890 5372380 5372550 5372420 5372390 5372700 5372600 5372580
Total is analytical total. All elements recalculated to 100 % anhydrous
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Table A.5 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the Lemarchant-Spencer’s Pond area.

Sample 171713 171714 182540 182541 182542 182543 182544 182545 182546 182547 182548 182549 182550

Si02 72.90 74.80 73.60 71.20 48.10 55.20 68.30 71.70 70.40 69.20 77.20 68.00 76.00
TIO2 0.32 0.38 0.34 0.36 0.58 0.18 0.56 0.41 0.55 0.64 0.14 0.46 0.24
Al203 16.20 14.10 15.20 16.10 19.30 6.72 16.90 16.10 16.50 16.30 12.00 13.30 13.20
Fe203 2.05 3.03 2.94 3.61 9.40 7.59 472 3.96 3.09 3.31 1.45 4.28 1.77
MgO 0.42 0.20 0.43 0.55 497 3.72 0.28 0.85 0.53 0.77 0.71 0.41 0.81
MnO 0.02 0.01 0.02 0.12 0.19 0.39 0.02 0.06 0.04 0.07 0.03 0.17 0.04
Ca0 0.08 0.12 0.31 0.33 5.51 10.20 0.29 0.66 0.67 1.59 0.65 3.50 0.29
K20 4.47 3.75 4.36 4.38 0.42 1.59 3.48 2.52 2.41 3.65 0.0 2.24 4.49
Na20 0.15 0.29 0.26 0.36 4.99 0.28 1.05 1.00 3.48 1.81 6.75 2.88 0.68
P205 0.04 0.11 0.14 0.15 0.13 0.12 0.14 0.24 0.12 0.21 0.04 0.16 0.04
LOI 2.70 3.00 2.45 2.75 5.50 12.40 4.10 2.55 2.35 2.75 0.60 2.80 1.60
Total 99.35 99.79 100.06  99.91 99.09 98.39 99.84 100.06 100.14 100.30 99.62 98.20 99.16

Sc 0.5 0.5 0.5 0.6 7.1 1.8 0.9 1.0 1.2 1.6 4.0 13 0.5

vV 3 S S 5 135 156 4 7 6 5 " 3 2

Rb 162 132 187 166 30 41 114 67 38 93 10 56 162
Ba 941 992 1200 791 214 424 1170 1070 2060 2310 174 536 1550
Sr 21 22 10 34 356 33 33 36 100 51 135 55 10

Ta 1 1 2 1 1 1 1 1 1 1 1 1 1

Nb 435 13 16 10 21 24 16 14 19 10 1A 12 30
Zr 234 177 198 195 21 14 96 111 121 82 204 80 249
Y 17 10 12 14 10 10 33 15 27 27 51 17 21
La 30.6 18.2 31.9 24.3 5.2 5.0 8.1 23.0 14.1 10.4 12.4 8.1 35.6
Cu 4.2 1.3 5.9 7.4 145.0 24.5 22,5 4.1 8.2 79 4.1 5.1 2.7
Pb 4 8 5 5 2 39 22 2 7 9 2 4 14
Zn 24.4 5.5 29.8 76.0 71.2 1561.0 25.7 40.9 73.6 37.0 4.6 58.7 5.6
Ag 01 0.1 0.1 0.3 0.3 0.6 0.4 0.1 0.3 1.0 0.1 0.2 0.1
Hg 5 1 5 S S 24 52 5 1 5 5 7 5

As 3 3 25 3 3 3 4 3 13 66 3 3 3

Co 1 6 1 3 28 14 8 4 3 6 6 2 1

NI 1 2 1 2 14 9 1 9 1 1 2 1 1

Cr 87.00 12.00 10.00 98.00 51.00 61.00 86.00 80.00 87.00 39.00 11.00 59.00 53.00
UTMX 521180 518980 522800 522640 522220 521590
UT™mY 5372620 5372750 5373500 5373250 5372920 5376200

Total is analytical total. All elements recalculated to 100 % anhydrous
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Table A.5 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the Lemarchant-Spencer's Pond area.

Sample 182551 182552 182556 182562 182563 182593 182594
Si02 69.00 77.60 80.40 73.30 71.80 72.00 76.30
TiOo2 0.25 0.22 0.09 0.56 0.56 0.35 0.26
Al203 12.00 12.30 5.65 13.30 13.50 15.20 14.10
Fe203 2.71 1.63 4.98 2.75 3.19 4.20 2.12
MgO 1.14 0.26 1.15 0.50 0.38 0.36 0.38
MnO 0.11 0.04 0.17 0.05 0.06 0.04 0.04
Ca0 4.23 1.04 2.04 1.33 1.42 0.27 0.21
K20 0.40 2.72 0.79 0.06 1.29 3.88 4.02
Na20 5.82 2.20 0.61 7.49 5.38 0.60 0.28
P205 0.07 0.06 0.06 0.14 0.15 0.14 0.06
LOI 3.95 1.65 3.50 0.95 2.35 3.10 2.60
Total 99.68 99.72 99.44 10042  100.08 100.14  100.37

Sc 2.5 0.6 0.5 6.7 1.9 0.5 0.5
v 7 2 7 8 5 4 2
Rb 10 73 14 10 33 131 144
Ba 181 634 492 125 710 1850 998
Sr 145 90 55 110 91 53 24
Ta 1 1 1 1 1 1 1
Nb 24 15 12 15 10 32 24
Zr 151 167 50 96 101 184 217
Y 44 42 11 46 31 10 12
La 11.7 12.3 7.8 12.1 13.9 23.9 344
Cu 3.8 6.3 824.0 48 29 28.1 2.9
Pb 2 23 18 2 2 23 16
Zn 8.3 24.9 142.0 447 27.5 38.6 33.9
Ag 0.1 0.1 1.2 0.1 0.1 25 0.1
Hg 5 1 6 S 5 9 5
As 3 9 16 3 3 1 3
Co 5 1 8 2 5 8 1

Ni 1 1 4 2 1 2 1
Cr 62.00 11.00 21.00 14.00 96.00 30.00 27.00

UTMX 521480 521470 522880 522600 522520 523440
UTMY 5376130 5375770 5373950 5374560 5374520 5374360
Total is analytical total. All elements recalculated to 100 % anhydrous
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Table A.6 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the Rogerson Lake Beaver Pond area .

Sample 171738 171739 171740 171741 171742 171743 171744 171745 171746 171747 171748 171743 171750

Si02 74.50 61.20 77.10 75.10 81.60 62.70 76.30 74.50 59.00 56.40 48.30 78.80 79.40
TiO2 0.20 0.34 0.16 0.18 0.20 1.17 0.24 0.36 1.46 0.95 1.33 0.15 0.16
Al203 12.60 22.40 12.00 12.60 10.70 14.50 13.50 13.70 14.50 19.80 14.30 10.60 10.20
Fe203 3.44 3.12 3.05 3.43 1.49 6.53 2.46 2.58 7.56 6.96 10.70 2.35 2.68
MgO 3.00 2.26 1.19 0.55 0.81 2.85 0.37 1.35 5.27 4.05 4.75 0.60 0.76
MnO 0.05 0.04 0.05 0.07 0.05 0.13 0.03 0.03 0.24 0.13 0.19 0.11 0.09
Ca0 0.23 0.12 0.47 0.70 0.09 3.07 0.06 0.19 1.30 0.50 7.74 0.21 0.68
K20 1.30 3.75 1.57 1.75 1.65 1.28 2.51 1.08 0.07 1.55 0.04 0.21 0.63
Na20 2.53 3.52 2.54 3.93 1.51 3.22 2.68 4.71 4.93 6.12 4.05 5.83 4.54
P205 0.03 0.04 0.02 0.04 0.03 0.14 0.04 0.06 0.19 0.35 0.19 0.03 0.03
LOI 2.35 3.10 2.00 1.90 1.75 4.50 1.80 1.75 3.60 3.45 7.95 1.00 1.15
Total  100.23 99.89 100.15  100.25 99.88  100.09 99.98 100.25 98.12  100.26 99.54 99.89  100.32

Sc 2.2 15 1.0 1.4 0.5 6.3 0.8 1.0 185 2.8 26.2 16 17

v 4 2 2 2 2 98 2 3 249 41 289 2 3
Rb 25 58 21 20 28 25 55 21 10 25 10 10 16
Ba 374 1480 429 223 772 965 1280 457 124 789 66 597 344
Sr 119 83 43 26 46 107 17 40 53 67 96 123 89
Ta 5 1 1 1 1 1 2 1 3 2 3 1 3
Nb 16 10 14 19 11 10 20 12 17 10 16 21 10
Zr 148 267 161 113 109 99 244 214 78 165 57 119 122

Y 66 112 52 46 25 23 56 27 47 38 18 53 65
La 5.6 17.1 7.6 8.4 7.9 6.4 18.2 19.5 4.0 11.1 7.7 7.4 6.2
Cu 3.2 2.9 15 15 2.0 27.5 1.1 16 6.8 13.9 8.9 24.3 12.8
Pb 2 2 2 2 7 2 2 2 4 2 2 15 5
Zn 880  102.0 54.3 66.4 36.9 54.1 44.4 337 1780 1020 1100 51.0  119.0
Ag 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Hg 9 10 5 5 5 5 5 5 5 14 5 16 38
As 3 3 3 3 3 8 3 3 11 3 3 3 3
NI 1 1 1 1 1 9 1 1 4 1 4 1 1

Cr 31.00 12.00 28.00 35.00 28.00 22.00 30.00 37.00 17.00 13.00 10.00 57.00 72.00

UTMX 523540 523640 522940 522620 522780 522830 522890 522800 521970 521120 520680 520480 520420

UTMY 5380950 5380850 5380525 5379970 5380350 5380280 5380670 5380910 5380370 5380040 5379730 5379400 5379340
Total is analytical total. All elements recalculated to 100 % anhydrous
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Table A.6 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the Rogerson Lake Beaver Pond area.

Sample 171751 171762 171753 171754 171755 171756 171757 171758 171759 182553 182554 182555 182557
Si02 75.40 76.50 54.80 70.30 60.20 74.60 74.10 65.70 77.80 78.00 68.80 75.20 76.00
TiO2 0.18 0.27 1.11 0.56 0.63 0.30 0.29 0.35 0.27 0.12 0.30 0.20 0.25

Al203 12.00 12.30 17.00 12.90 14.70 13.10 12.80 14.00 13.30 11.70 13.00 13.30 12.80
Fe203 3.11 2.22 10.20 4.33 8.12 240 1.55 6.22 1.60 1.46 4.86 1.52 3.50
MgO 2.03 1.11 6.75 2.68 2.34 1.10 0.72 2.35 0.60 0.75 2.88 0.69 0.20
MnO 0.07 0.04 0.18 0.15 0.24 0.10 0.07 0.07 0.02 0.04 0.08 0.04 0.09
Ca0 0.11 0.10 0.26 1.34 4.30 1.06 0.48 2.29 0.03 0.97 3.25 1.51 1.36
K20 1.09 0.10 0.06 1.81 2.11 2.37 5.70 1.58 2.75 0.34 0.06 0.17 1.40
Na20 3.98 6.61 4.42 2.52 2.48 2.25 3.03 2.64 1.85 5.52 4.44 6.96 1.49
P205 0.03 0.05 0.15 0.13 0.14 0.06 0.08 0.07 0.03 0.04 0.06 0.06 0.06
LOI 1.85 1.00 5.10 3.45 5.10 2.60 0.90 3.65 1.90 0.95 2.35 0.75 2.80
Total 99.86 100.30 100.08 100.17  100.36 99.94 99.72 98.92 100.15 99.89  100.08  100.40 99.95
Sc 0.8 4.6 20.4 24 6.2 0.5 13 3.8 05 2.1 4.6 1.3 15

\ 2 5 226 7 23 4 5 23 2 2 24 12 2

Rb 39 10 10 19 28 52 57 22 38 14 10 10 28

Ba 569 137 138 259 298 413 2080 377 950 204 102 251 561

Sr 56 47 99 40 77 34 43 73 29 147 190 170 282

Ta 2 1 5 2 2 1 1 3 1 1 1 1 1

Nb 27 10 10 15 10 20 1 10 12 19 18 10 10
Zr 205 204 78 65 24 127 164 44 241 207 181 96 146

Y 59 60 47 45 25 13 34 17 68 48 56 12 43

La 12.1 14.8 5.1 4.7 3.8 9.6 11.8 2.7 8.2 4.8 5.5 8.5 18.7
Cu 3.6 1.1 207.0 7.7 1.8 23 69.8 173.0 6.2 4.2 2.1 3.8 4.5
Pb 2 2 2 2 2 3 100 2 2 2 2 2 2

Zn 29.1 13.2 701.0 71.8 101.0 44 .4 294.0 34.4 7.9 9.1 17.5 5.7 22.0
Ag 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.2
Hg 6 5 32 6 6 5 59 15 1 5 5 5 5
As 3 3 3 3 3 3 3 3 3 3 3 3 3

NI 1 1 5 1 1 1 1 1 9 2 51 2 2

Cr 57.00 45.00 14.00 37.00 15.00 35.00 85.00 31.00 48.00 14.00 17.00 11.00 80.00
UTMX 520250 520750 521850 525070 525400 521460 521060 524410 523300 518750 518610 518590 525200
UTMY 5379030 5379100 5380280 5381980 5382175 5380430 5377360 5381120 5379950 5374800 5374670 5374560 5375230

Total’ is analytical total. All elements recalculated to 100 % anhydrous
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Table A.6 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the Rogerson Lake Beaver Pond area.

Sample 182558 182561 182580 182581 182582 182583 182584 182585 182589 182590 182591 182592 182595
SI02 70.10 63.50 80.00 71.30 68.50 78.20 77.70 73.30 69.50 64.80 75.00 69.00 48.30
TiO2 0.39 0.61 0.10 0.26 0.61 0.15 0.22 0.16 0.30 0.56 0.29 0.70 0.40

AI203 16.70 17.30 11.10 13.30 14.80 11.50 13.50 11.30 14.70 156.30 13.20 12.40 13.50

Fe203 4.91 6.57 0.78 3.28 4.91 1.55 0.68 2.26 4.46 6.07 2.20 8.41 8.36

MgO 0.30 0.98 0.18 0.65 1.45 0.30 0.09 1.01 2.59 3.32 0.35 1.09 13.70

MnO 0.04 0.09 0.02 0.08 0.08 0.04 0.03 0.15 0.08 0.1 0.0 0.22 0.30

CaO 0.29 1.62 0.36 2.22 0.58 0.30 0.27 2.55 0.65 1.88 0.55 0.29 4.87

K20 3.81 2.65 0.73 1.65 0.16 0.22 1.70 1.76 1.88 1.97 3.88 2.13 0.34

Na20 1.15 3.11 5.92 4.72 7.05 6.66 4.41 3.90 3.12 2.31 3.24 2.24 0.93

P205 0.13 0.24 0.04 0.07 0.19 0.04 0.06 0.04 0.12 0.14 0.07 0.13 0.056

LOI 3.45 3.55 0.65 2.70 1.90 1.00 1.45 3.50 2.70 3.80 1.40 3.35 9.25

Total 10027  100.22 99.88 100.23  100.23 99.96  100.11 99.93 100.10 10026  100.23 99.96 100.00

Sc 1.0 3.6 0.5 1.1 11.7 2.2 1.2 0.6 22 3.6 0.5 2.6 24.0

v 6 22 2 2 19 3 2 2 11 3 2 8 105

Rb 120 83 28 32 16 13 31 32 56 47 53 57 10

Ba 2100 1370 534 478 178 395 259 454 466 344 759 1240 176

Sr 81 131 86 98 104 62 41 79 101 127 88 45 52

Ta 1 1 1 1 1 1 1 1 1 1 1 1 2

Nb 18 14 17 24 16 16 14 18 17 15 18 40 16

Zr 186 154 75 178 150 161 113 161 197 172 153 456 18

Y 30 20 15 55 43 41 62 23 74 47 26 69 1

La 20.9 33.2 12.4 14.4 13.8 9.9 8.8 10.0 18.0 7.6 14.0 31.5 3.4

Cu 16.6 147.0 3.9 72.5 18 5.7 4.2 4.6 1.9 0.9 0.7 9.4 g7.2

Pb 11 3 2 2 2 2 2 8 7 2 2 5 2

Zn 419 141.0 0.5 26.6 69.5 8.7 6.1 52.6 119.0 121.0 16.1 119.0 31.0

Ag 24 0.2 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.2 0.4

Hg 30 5 5 5 5 5 5 14 9 5 5 5 5

As 3 3 3 3 3 3 3 4 3 3 3 3 115

NI 3 16 1 1 1 1 1 1 1 1 1 9 233

Cr 11.00 12.00 53.00 29.00 40.00 67.00 48.00 36.00 21.00 25.00 37.00 38.00 73.00
UTMX 525470 525500 522700 523070 523255 523140 522840
UTMY 5375340 5375300 5379080 5379340 5379595 5379590 5378560

Total' is analytical total. All elements recalculated to 100 % anhydrous
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Table A.6 Major and trace element data for the volcanic rocks of the Rogerson Lake Beaver Pond area.

Sample 182596 182597 182598 182599 182600 143813 143814 143815 143816 143817 143818
Si02 77.90 46.10 75.80 72.60 69.30 76.90 74.50 62.00 75.10 78.70 50.50
TIO2 0.25 0.61 0.22 0.24 0.58 0.24 0.27 0.58 0.27 0.56 0.70

Al203 11.10 15.00 12.70 13.60 14.90 9.64 11.20 16.30 12.40 9.42 15.60
Fe203 1.48 7.62 1.79 3.06 4.11 457 4.49 4.83 2.53 4.92 8.91
MgO 0.40 7.44 0.16 0.47 1.31 2.19 1.32 2.38 0.32 0.25 9.12
MnO 0.09 0.22 0.04 0.07 0.09 0.14 0.11 0.09 0.05 0.05 0.21
Ca0 1.03 6.32 0.43 0.38 0.72 1.27 1.97 2.30 0.31 0.24 5.10
K20 0.90 1.14 0.54 3.95 1.05 1.12 2.00 4.58 2.90 1.90 0.69
Na20 5.64 4.14 7.07 4.66 6.83 2.39 2.31 3.89 5.12 1.34 4.39
P205 0.07 0.11 0.05 0.06 0.16 0.08 0.08 0.18 0.06 0.09 0.11
LOI 1.15 11.50 0.95 1.10 1.25 1.75 2.12 1.85 0.75 2.35 3.85
Total  100.01  100.20 99.75 100.19 100.30 100.29  100.37 98.98 99.81 99.82 99.18
Sc 1.0 9.2 1.1 2.0 3.6 1.3 1.7 3.0 2.2 1.5 44

\ 2 66 2 3 6 S 3 37 4 6 102

Rb 22 23 10 41 10 20 46 81 20 60 10
Ba 630 523 291 898 397 286 326 2040 932 2280 420

Sr 98 137 70 50 102 95 31 210 52 69 137

Ta 1 1 1 1 1 1 1 1 1 1 1
Nb 32 34 21 10 12 10 27 23 15 39 17
Zr 154 120 166 208 152 120 153 300 181 220 64

Y 25 24 57 57 49 25 39 14 43 23 10

La 19.7 5.6 9.7 16.8 20.1 5.0 6.8 25.6 18.0 18.6 6.1
Cu 12.2 49.4 25.4 2.7 1.3 47 6.8 40.6 7.6 34.5 61.5
Pb 7 2 6 26 2 5 2 8 2 4 2
Zn 70.6 73.9 25.5 56.7 68.3 101.0 63.8 32.7 22.5 56.1 57.7
Ag 0.1 0.3 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1
Hg 12 5 5 5 9 5 5 5 5 8 5
As 3 15 37 3 3 3 3 3 3 35 3

NI 3 66 1 1 1 1 2 7 1 24 110

Cr 75.00 16.00 56.00 48.00 41.00 55.00 13.00 13.00 10.00 13.00 30.00

Total’ is analytical total. All elements recalculated to 100 % anhydrous
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Table A.7 Major and trace element data for the volcanic rocks of the

South Tally Pond area.
Sample STP.01 STP.02 STP.03 STP.04 STP.05 STP.06 STP.07  ST.01-01

Sio2 75.3 76.7 75.6 775 771 751 75.8 68
Al1203 14.2 13.4 14.1 13.7 12.8 15.2 13.1 18.1
Cao 0.11 0.12 0.13 0.08 0.15 0.08 0.13 0.17
MgO 0.22 0.36 0.31 0.29 0.3 0.21 0.33 0.59
Na20 0.35 0.35 0.3 0.32 0.35 0.36 0.41 0.76
K20 4.05 3.77 4.11 3.9 3.6 4.44 3.49 2.76
Fe203 2.53 2.48 2.42 1.58 2.8 1.71 3.41 457
MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.12
TiO2 0.34 0.31 0.33 0.24 0.24 0.24 0.29 0.88
P205 0.09 0.1 0.11 0.03 0.09 0.04 0.1 0.15
Cr203 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Lol 2.9 2.45 25 2.45 2.65 25 29 2.88
Total 100 100 99.9 100 100 99.9 100 99
Sc 0 0 0 0 0 0 0 2.5
v 3.39 3.59 2.67 1 2.18 1.1 3.08 14
Rb 148 138 158 137 127 154 113 0
Ba 823 721 909 758 705 625 634 806
Sr 25 24 23 24 25 27 23 5
Ta 0 0 0 0 0 0 0 5
Nb 7 7 8 11 9 14 6 8
Zr 163 165 166 193 172 221 162 268
Y 14 12 13 20 35 22 15 29
La 11.9 14.9 18.1 21.7 14.1 29.2 11.7 27
Ce 22.6 29.7 29.3 42 27.2 59.2 19.3 0
Au 5 11 8 5 13 5 5 25
Fe 1.17 1.08 1 0.66 1.43 0.48 2.05 1.85
P 0.05 0.05 0.06 0.02 0.06 0.02 0.06

Hg 1 1 1 1 1 1 1

Mg 0.06 0.12 0.1 0.11 0.1 0.04 0.13 0.2
As 10 7.16 70.5 7.51 11 5 36.6 10
Na 0.14 0.15 0.12 0.11 0.12 0.14 0.17 0.14
Mo 2.25 1 2.37 1.21 9.58 1.18 18 0.5
Al 0.56 0.62 0.55 0.57 0.61 0.57 0.68 1.66
Be 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Ca 0.03 0.03 0.04 0.01 0.05 0.01 0.04 0.11
Zn 19.6 33.6 18.4 227 17.8 1.7 35.6 31
Cu 24.6 13.7 6.75 5.92 8.58 5.59 10.4 2
Sb 5 5 5 5 5 5 5 2.5
Ag 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1
Pb 5.54 6.28 4.47 2 9.02 2 5.13 1
Bi 2.02 2.74 2 2.2 7.9 5.14 4.78 25
Ti 2010 1880 1970 1430 1410 1440 1730 5280
cd 0.59 1.21 0.8 0.5 0.5 0.5 1.23 0.1
Co 3.14 1.83 417 2.79 11 2.04 7.07 3
Ni 1.24 2 1.99 1.73 2.83 1.94 3.16 6
w 10 10 10 10 10 10 10 10
K 33600 31300 34100 32400 29900 36900 29000 22900
Mn 76.4 47.2 52.6 47 89.7 56.1 295 334
Cr 75.2 86 72.3 51.5 43.9 44.9 83.8 44

Total is analytical total. All elements recalculated to 100 % anhydrous
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Table A.7 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of th

South Tally Pond area.
Sample ST.01-02 ST.01-03 ST.01-04 ST.01-05 ST.01-06 ST.01-07 ST.01-08

Si02 65.3 75.6 68.9 62.4 61.3 63.7 65.5
Al203 18.2 14.5 16 18.7 19.7 20.7 183
CaO 0.26 0.02 0.33 0.17 0.5 0.09 0.29
MgO 0.93 0.27 0.17 0.39 0.77 0.81 0.28
Na20 0.91 0.15 1.14 1.06 0.9 0.41 0.66
K20 3.29 4.19 3.12 2.38 2.81 1.44 3.59
Fe203 5.45 1.73 4.36 8.5 8.21 8.1 5.89
MnO 0.04 0.01 0.02 0.08 0.15 0.18 0.07
TiO2 1.08 0.27 0.59 1.23 0.79 0.93 0.69
P205 0.21 0.05 0.17 0.16 0.31 0.09 0.25
Cr203 0.01 0.01 0.01 0.02 0.01 0.01 0.01
LOI 3.34 2.18 422 4.27 3.66 297 3.77
Total 99.1 99 99 99.4 99.1 99.4 99.3
Sc 2.5 2.5 2.5 2.5 2.5 2.5 2.5
v 39 2 4 27 28 29 20
Rb 0 0 0 0 0 0 0
Ba 587 612 776 831 721 352 958
Sr 6 0.5 5 4 8 3 5
Ta 5 5 5 5 5 5 5
Nb 4 6 5 5 5 4 4
Zr 86 219 172 154 91 91 65
Y 32 26 44 35 27 21 19
La 6 33 6 3 8 0.5 3
Ce 0 0 0 0 0 0 0
Au 8 8 7 30 25 25 102
Fe 3.41 0.77 3.06 3.86 4 1.57 3.29
P

Hg

Mg 0.44 0.03 0.03 0.1 0.31 0.1 0.06
As 25 10 25 23 25 2.5 6
Na 0.16 0.01 0.16 0.17 0.17 0.11 0.14
Mo 0.5 1 3 2 0.5 0.5 2
Al 2 0.54 0.63 1.45 247 2 1.36
Be

Ca 0.17 0.02 0.21 0.1 0.3 0.04 0.19
Zn 65 24 39 40 74 23 41
Cu 114 4 29 27 45 0.5 22
Sb 2.5 2.5 2.5 2.5 2.5 25 25
Ag 0.1 0.1 0.4 0.4 0.2 0.1 0.6
Pb 3 34 22 6 3 1 20
Bi 25 25 25 25 25 25 25
Ti 6470 1620 3540 7370 4740 5580 4140
Cd 0.1 0.1 0.8 0.1 0.1 0.1 0.1
Co 15 1 11 31 17 5 16
Ni 7 1 5 13 7 5 9
w 10 10 10 10 10 10 10
K 27300 34800 25900 19800 23300 12000 29800
Mn 186 89 176 176 731 312 309
Cr 37 27 37 43 46 44 46

Total’ is analytical total. All elements recalculated to 100 % anhydrous
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Table A.8 Major and trace element data for the volcanic rocks of the West Tally Pond area

Sample
Si02
TiO2

Al203

Fe203T
MnO
MgO

Na20
K20
P205
CaO
Cr203
LOI
total

Ni
Cu
Zn
Rb

Sr

Y
ar
Nb
Ba

Total’ is analytical total. All elements recalculated to 100 % anhydrous

wt%
wt%
wt%
wt%
wit%
wt%
wt%
wt%
wi%
wit%
wt%

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

NF2763 NF2764 NF2765 NF2766 NF2767 NF2768 NF2769 NF2770 NF2771 NF2772 NF2773 NF2774
40.3 446 40.6 755 47.5 71.7 68.8 73.7 443 44.7 46.7 414
1.62 1.67 1.76 0.28 2.14 0.27 0.43 0.26 1.06 0.86 0.98 1.08
14.6 13.9 13.5 11.3 14.9 14.7 13.6 12.5 16.0 14.2 1567 14.8
8.18 11.80 10.70 2.10 12.20 2.09 4.33 2.62 11.80 10.30 10.50 11.20
0.13 0.12 0.14 0.03 0.19 0.08 0.14 0.09 0.19 0.18 0.13 0.13
2.93 3.92 6.08 0.54 3.77 0.67 1.99 0.96 3.22 7.93 7.74 9.38
2.48 2.73 2.50 1.12 1.12 1.10 1.99 2.33 1.53 3.20 3.70 3.32
1.85 2.00 1.06 7.54 2.04 2.81 1.81 2.26 1.75 0.30 0.57 0.34
0.27 0.23 0.24 0.05 0.37 0.05 0.08 0.05 0.15 0.14 0.12 0.23

11.30 7.31 8.60 0.46 5.25 2.63 2.42 2.23 8.20 5.61 3.75 5.68
0.02 0.03 0.02 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
14.8 11.8 14.6 1.00 10.2 3.93 3.93 2.77 10.8 10.8 8.54 10.9
98.7 100.2 99.9 100.1 99.8 100.1 99.6 99.9 99.1 98.3 98.5 98.5

52 94 111 <10 11 <10 <10 <10 19 19 20 36
35 54 65 <10 72 <10 <10 <10 29 63 55 87
101 97 81 95 119 84 99 75 93 85 126 102
56 70 31 104 44 56 37 41 33 18 17 18
228 138 164 <10 189 218 165 76 166 89 61 124
26 31 <10 120 30 48 54 45 13 16 23 <10
267 105 98 286 161 145 202 169 53 73 65 58
65 28 20 43 32 <10 20 <10 15 20 <10 16
538 400 243 911 348 366 31 368 413 300 214 272
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Table A.8 Pressed pellet X-ray fluorescence (XRF) data for the volcanic rocks of the West Tally Pond area

Sample NF2751 NF2752 NF2753 NF2754 NF2755 NF2756 NF2757 NF2758 NF2759 NF2760 NF2761 NF2762
SI02 wt% 435 45.9 41.6 58.8 59.9 62.8 62.6 61.2 53.2 54.0 40.2 48.7
TiO2 wt% 0.80 1.00 2.45 0.66 1.03 0.65 0.71 0.70 0.93 0.87 2.00 2.03

Al203 wt% 12.6 16.5 13.6 12.3 14.7 12.7 13.5 13.7 156.9 14.7 17.9 15.7

Fe203T wt% 8.16 8.30 14.20 5.64 7.30 5.35 5.88 5.86 8.03 7.64 14.10 13.50
MnO wt% 0.15 0.17 0.22 0.17 0.15 0.17 0.18 0.20 0.36 0.31 0.25 0.11
MgO wt% 4.93 3.43 5.15 2.75 297 2.69 2.36 2.58 3.64 3.61 4.00 2.23

Na20 wt% 1.52 1.58 1.16 3.33 417 4.12 4.78 432 1.82 1.95 2.00 2.48
K20 wt% 1.60 2.12 0.65 0.85 1.23 0.72 0.91 1.00 2.92 2.74 2.05 2.20
P205 wt% 0.16 0.21 0.28 0.11 0.15 0.09 0.11 0.11 0.20 0.21 0.23 0.36
CaO wt% 10.20 7.83 7.28 5.87 3.37 5.59 3.89 4.92 3.98 4,66 5.85 3.91
Cr203 wt% 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 <0.01

LOI 15.8 12.5 13.3 9.54 4.39 5.31 4.16 5.47 8.39 9.31 10.1 8.7
total 99.7 99.7 100.0 100.1 99.5 100.3 99.2 100.2 99.5 100.1 98.8 100.1
NI ppm 149 45 <10 16 21 19 20 17 43 35 16 12
Cu ppm 12 107 40 <10 20 40 58 <10 <10 29 59 42
Zn ppm 84 89 129 79 111 81 82 85 90 102 131 81
Rb ppm 62 63 21 27 34 22 27 18 96 94 64 60
Sr ppm 259 258 172 229 147 140 169 164 95 130 175
Y ppm 10 <10 31 38 49 20 29 45 28 20 23 42
Zr ppm 94 103 157 136 172 179 199 158 198 170 152 372
Nb ppm 16 15 30 26 <10 20 16 <10 29 20 25 31
Ba ppm 231 307 142 311 457 228 570 480 445 367 424 525

Total’ is analytical total. All elements recalculated to 100 % anhyadrous
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APPENDIX B

B.1  Inductively Coupled Plasma-Mass Spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) was used for
quantitative determinations of the lanthanides (or REE), Y and Th and data was also
collected for Ba, Hf, Nb, and Zr. The samples were analyzed at the Department of Earth
Sciences, Memorial University, using a Hewlett Packard model 4500+ ICP-MS. Data
acquisition is via manufacturer software whereas data reduction and concentration
calculations are carried out using an in house written spreadsheet program.

The mafic and felsic volcanic samples were prepared using a sodium peroxide
(Na,O5) sinter dissolution (Longerich et al., 1990). This is because the HF-HNO; acid
dissolution method may not dissolve some acid resistant mineral phases (e.g. zircon,
spinel, fluorite, titanite, garnet). The advantage of this sintering technique is that it is
successful in dissolving resistant REE-bearing accessory phases, and has low blanks for
REE, Th, and the high-field strength elements (HFSE). The internal check of Zr analyzed
by XRF and ICP-MS indicates that there are no dissolution problems with the Na,O,

sinter method.
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Elemental masses analyzed via this method consist of 3y, %Zr, *Nb, *'Ba,
139] 5 10Ce, 41pr 145G s m 1SRy, 157Gd, 'PTb, '°Gd, '*Dy, '**Ho, "Er, ' Tm,
113yp, 'SLy, '77HE, '*1Ta, 2Th.

The Na,O; sinter method has the ability to run up the samples, standards, blanks,
and duplicates in one data run. Addition of spikes to samples serve as the method of
internal standardization, and external standards are used to calibrate most elements. The
sample analysis as well as the standard analysis must be background corrected and
corrected for a number of variables such as matrix factors, drift factors, etc. Full details
pertaining to the relevant procedures associated with this technique are given in
Longerich et al. (1990) and Jenner et al. (1990).

Average detection limits observed during this study for the analysed elements
consisted of: 0.1 - 0.3 ppm for Rb, Sr, Zr, Ba, and Ta; 0.094, 0.071 and 0.052 ppm for Pb,
Li, and Cs respectively; from 0.03 - 0.05 ppm for Mo, Sm, Nd and Eu; from 0.1 - 0.3 for
Y, La, , Ce, Pr, Gd, Dy, Er, Tm, Yb, Lu, Hf, Bi, and U; and below 0.01 ppm for Nb, Tb,

Ho, Ta, and Th.

B.2  Precision and accuracy

The precision and accuracy of analysis were determined through the use of
standards basalt BR-688 and gabbro MRG-1, which were run four times during the
collection of the data and presented in Table B.1. Precision for most elements was
observed as mostly excellent (0-3 % RSD) with some elements having good (3-7 % RSD)
precision; whereas the accuracy of all major elements was good (3-7 % RD) with some of

the trace elements having excellent precision (0-3 % RSD).



The long term precision for the Na,O, method varies from 4 to 6% RSD for the
REE, Zr, Y, Th and Ba, to 10% RSD for Nb and Hf. The limits of detection for this
method are at the sub-parts per million level for the REE and Th, and are higher for Nb

and Hf (0.25 ppm), Y (0.3 ppm), Ba (1 ppm) and Zr (3ppm) (Longerich et al., 1990).
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Table B.1 Precision and accuracy for ICP-MS analysis of standards BR-688 and MRG-1.

Element BR-688 BR-688 SD RSD % RD % MRG-1 MRG-1 SD RSD % RD %

quoted value Mean quoted value Mean
Y 17.81 16.30 0.76 5.00 -8.48 11.50 1090 030 3.00 -5.22
Zr 59.15 59.40 3.33 6.00 0.42 107.00 105.00 142 1.00 -1.87
Nb 4.87 4.71 0.32 7.00 -3.29 22.30 2210 0.89 4.00 -0.90
Ba 163.33 158.00 250 2.00 -3.26 49.40 46.50 1.57 3.00 -5.87
La 4.98 472 014 3.00 -5.22 8.83 836 023 3.00 -532
Ce 11.55 11.00 0.29 3.00 -4.76 25.80 24.30 0.81 3.00 -5.81
Pr 1.65 1.57 0.04 3.00 -4.85 3.71 351 010 3.00 -5.39
Nd 8.03 7.61 0.22 3.00 -5.23 17.60 1710 026 2.00 -2.84
Sm 2.30 2.21 0.05 2.00 -3.91 4.34 433 004 1.00 -0.23
Eu 0.94 090 0.02 3.00 -4.26 1.38 1.39 0.01 0.00 0.72
Gd 160 2.88 272 0.09 3.00 -5.56 3.97 396 0.02 1.00 -0.25
Tb 0.48 045 0.02 4.00 -6.25 0.52 053 000 100 192
Dy 3.21 3.00 0.13 4.00 -6.54 3.00 284 0.08 3.00 -533
Ho 0.70 068 0.01 2.00 -2.86 0.49 0.49 0.00 1.00 o0.00
Er 2.10 215 0.02 1.00 2.38 1.16 125 005 400 7.76
Tm 0.30 0.29 0.01 2.00 -3.33 0.14 0.14 0.00 1.00 0.00
Yb 2.00 1.85 0.08 5.00 -7.50 0.79 079 0.01 1.00 0.00
Lu 0.30 028 0.02 6.00 -6.67 0.11 0.11  0.00 2.00 0.00
Hf 1.54 1.64 005 3.00 6.49 3.89 417 014 3.00 7.20
Ta 0.18 0.28 0.05 18.00 55.56 0.74 0.87 0.07 8.00 17.57
Th 0.33 0.39 0.03 9.00 18.18 0.82 0.77 0.03 4.00 -6.10

SD is the standard deviation

RSD is relative standard deviation

RD is relative difference to the standard value

Quoted values from Govindaraju (1989) and from from long terrm MUN averages
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Table B.2 Na202 sinter data for the Tally Pond Group rocks.

Sample

Ba
Ta
Nb
Hf
ar

Y
Th

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

La/Yb
ZrlY

Ppm
Ppm
pPpm
ppm
pPpm
ppm
ppm
ppm
pPpm
ppm
pPpm
ppm
pPpm
ppm
pPpm
ppm
pPpm
ppm
ppm
ppm
pPpm

DP-99-202 JP-00-193 JP-00-288 JP-00-215 JP-00-208 JP-00-275 JP-00-284 JP-00-176

1340
0.38
4.46
3.85

123
26.1
6
19.3
40.6
4.79
19.6
4.28
0.99
4,75
0.76
5.07
1.11
3.65
0.51
3.21
0.43

6.02
4.71

41.1
0.52
7.23
3.95
150
31.2
6.55
171
34.7
4.03
16.2
3.29
0.66
3.99
0.75
5.6
1.3
4.37
0.62
4.09
0.55

4.19
4.82

1300
0.33
3.34
1.78
63.6
18.7
2.75
3.45
6.72
0.76

3.1
1.04

0.26
2.09
0.51
3.87
0.81
2.37

0.3
1.74
0.24

1.99
3.4

739
0.52
7.06
4.34

151
37.5
6.77
19.3
40.7
4.84

20
5.26
1.18

5.9
1
6.67

1.46
4.84
0.69
4.65
0.73

4.15
4.04

132
0.44
6.14
6.48

224
37.9
5.71

20
45.7
5.68
23.6
5.89
1.23
6.22
1.08
7.37
1.57
5.33
0.78
5.21
0.81

3.84
5.91

172
0.34
4.79
3.55

124

34
4.28
16.3
33.6

4.2
17.8
4.7
1.17
5.31
0.92
6.21
1.35
4.42
0.62

4.1
0.65

3.74
3.65

1400
0.33
4.07
3.45
120
211
1.92
7.3
17.2
2.35
10.9
3.48
1.23
4.28
0.7
4.39
0.87
2.62
0.35
2.1
0.31

3.48
5.7

168
1.19
16.6

5.8
213
31.3
2.57
156.5
37.2
5.05

23
6.22
2.03
6.73
1.06
6.53

13
3.88
0.51
3.16
0.47

4.92
6.82



Table B.2 Na202 sinter data for the Tally Pond Group rocks.

Sample JP-00-212 JP-00-182 JP-00-194 JP-00-180 JP-00-182' JP-00-212' DP-99-202*
Ba ppm 1340 41.1 1300 739 132 172 1400
Ta  ppm 0.38 0.52 0.33 0.52 0.44 0.34 0.33
Nb  ppm 4.46 7.23 3.34 7.06 6.14 4.79 4.07
Hf ppm 3.85 3.95 1.78 4.34 6.48 3.55 3.45
Zr ppm 123 150 63.6 151 224 124 120
Y ppm 26.1 31.2 18.7 375 379 34 21.1
Th  ppm 6 6.55 2.75 6.77 5.71 4.28 1.92
La  ppm 19.3 17.1 3.45 19.3 20 15.3 7.3
Ce  ppm 40.6 34.7 6.72 40.7 457 33.6 17.2
Pr ppm 4.79 4.03 0.76 4.84 5.68 4.2 2.35
Nd  ppm 19.6 16.2 3.1 20 236 17.8 10.9
Sm  ppm 4.28 3.29 1.04 5.26 5.89 4.71 3.48
Eu  ppm 0.99 0.66 0.26 1.18 123 117 1.23
Gd  ppm 4.75 3.9 2.09 5.9 6.22 5.31 4.28
T  ppm 0.76 0.75 0.51 1 1.08 0.92 0.7
Dy  ppm 5.07 5.6 3.87 6.67 7.37 6.21 4.39
Ho  ppm 1.11 1.3 0.81 1.46 1.57 1.35 0.87
Er ppm 3.65 4.37 2.37 4.84 5.33 4.42 2.62
Tm  ppm 0.51 0.62 0.3 0.69 0.78 0.62 0.35
Yo  ppm 3.21 4.09 1.74 4.65 5.21 4.1 2.1
Lu  ppm 0.43 0.55 0.24 0.73 0.81 0.65 0.31

La/Yb 6.02 4.19 1.99 4.15 3.84 3.74 3.48
ZrlY 4.71 4.82 34 4.04 5.91 3.65 5.7



APPENDIX C

C.1  Electron Microprobe

Mineral analyses were conducted using a Camera SX50 electron microprobe with
automation SamX —Xmas software for combined wavelength-dispersion (Cameca) and
energy-dispersive (Oxford Link) analyses at the Department of Earth Sciences, Memorial
University of Newfoundland. The beam current was set at 20 nA with a 15 kV
accelerating potential using count times of 100 s. Analyses for Al, Si, K, Ca, Ti and Mn
were done in energy-dispersive (ED) mode whereas wave-dispersive (WD) mode was
used for analyses of Na, Mg, and Fe. Analyses were conducted on carbonate, chlorite and

sericite.

C-2  Precision and Accuracy

In order to determine the precision and accuracy of analyses, the Kakanui
Hornblende was analyzed several times in conjunction with each successive analysis and
used as the standard for precision and instrument calibration. The analyses indicate that
the data vary from good with RSD less than 7 % to excellent with RSD less than 3 %.
Calibration standard deviations are generally less than 1.0 wt %, thereby giving a

measure of analytical accuracy.

C-1



Table C.1 Carbonate compositions from the Duck Pond Deposit

Label JP-00-CC1 JP-00-CC2 JP-00-CC3 JP-00-CC4 JP-00-CC5 JP-00-AR1
Na20 0.25 0.22 0.2 0.29 0.26 0.21
MgO 22.5 20.5 21.6 22.9 221 17.5
Al203 0 0 0 0 0 0
Si02 0.16 0.26 1 0.24 0.19 0.2
K20 0 0.01 0.05 0.01 0.02 0.07
Ca0 345 325 324 34.1 326 30.2
TiO2 0.04 0 0 0 0.04 0
MnO 0.87 1.03 1.22 0.74 0.51 0.08
FeO 2.57 3.32 3.27 2.97 3.63 12.1
Total 60.9 57.8 59.7 61.3 59.3 60.3
Beam current 20.11 20.09 20.09 20.07 20.04 20.11
Number of lons based on 6 O

Na 0.04 0.04 0.03 0.04 0.04 0.03
Mg 2.72 2.62 2.67 2.75 2.74 2.26
Ca 3 3 2.87 2.94 2.91 2.81
Mn 0.06 0.07 0.09 0.05 0.04 0.01
Fe 0.17 0.24 0.23 0.2 0.25 0.88
0 6 6 6.03 6 6 6
Total 12 12 12 12 12 12
Mg/Fe 15.6 11 11.8 13.8 10.8 2.58

Note; Carbon excluded from cation calculations

CC samples from mineralized chaotic carbonate zone

AR samples from altered rhyolite

CA samples from unmineralized chaotic carbonate zone
ST samples from chlorite feeder zone



Table C.1 Carbonate compositions from the Duck Pond Deposit

Note: Carbon excluded from cation calculations

CC samples from mineralized chaotic carbonate zone

AR samples from altered rhyolite

CA samples from unmineralized chaotic carbonate zone
ST samples from chlorite feeder zone
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Label JP-00-CA1 JP-00-CA2 JP-00-CA3 JP-00-CA4 JP-00-ST1 JP-00-ST2
Na20 0.28 0.2 0.38 0.28 0.19 0.27
MgO 23 22.6 23.9 23.3 21 15
Al203 0 0 0 0 0 0
Si02 0.14 0.16 0.21 0.16 0.21 0.19
K20 0.03 0.01 0.05 0 0.03 0.08
Ca0 33.3 33.1 33.8 34.3 31.2 314
TiO2 0.09 -0.1 0.04 0 0.03 0.03
MnO 0.36 0.09 0.2 0.13 1.32 3.15
FeO 1.02 0.58 1.22 0.82 7.75 5.33
Total 58.1 56.6 59.8 58.9 61.5 55.4
Beam current 20.46 20.03 20.11 20.16 20.04 20.1
Number of lons based on 6 O

Na 0.05 0.03 0.06 0.05 0.03 0.05
Mg 2.87 2.89 2.89 2.86 2.58 2.1
Ca 2.98 3.03 2.94 3.03 2.76 3.16
Mn 0.03 0.01 0.01 0.01 0.09 0.25
Fe 0.07 0.04 0.08 0.06 0.53 0.42
(o) 5.99 6 5.99 6 6.01 5.99
Total 12 12 12 12 12 12
Mg/Fe 40.2 69.2 34.8 50.6 483 5.02



Table C.1 Carbonate compositions from the Duck Pond Deposit

Label JP-00-ST3 JP-00-ST4 JP-00-ST5 JP-00-ST6 JP-00-ST7
Na20 0.29 0.35 0.24 0.28 0.28
MgO 18.5 17.8 19.3 20.8 19.6
Al203 0 0.43 0 0 0
Sio2 0.21 479 0.14 0.15 0.28
K20 0.03 0.2 0.07 0.04 0.12
CaO 32 30.3 31.4 32.8 30.3
TiO2 0 0 0 0.06 0
MnO 1.04 0.6 1.26 3.01 0.67
FeO 7.01 8.64 7.03 6.24 8.73
Total 59 63.2 59.4 63.2 60
Beam cur 20.11 20.06 20.04 20.11 20.09
Number of lons based on 6 O

Na 0.05 0.05 0.04 0.04 0.05
Mg 2.38 2.12 2.46 2.49 2.48
Ca 297 2.59 2.89 2.83 2.77
Mn 0.08 0.04 0.09 0.21 0.05
Fe 0.51 0.58 0.5 0.42 0.62
(o] 6 6.18 5.99 5.99 6
Total 12 12 12 12 12
Mg/Fe 4.7 3.68 4.88 5.94 3.99

Note: Carbon excluded from cation calculations
CC samples from mineralized chaotic carbonate zone
AR samples from altered rhyolite
CA samples from unmineralized chaotic carbonate zone
ST samples from chlorite feeder zone
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Table C.2 Chlorite Compositions from the Duck Pond Deposit.

Sample JP-00-CC1 JP-00-CC2 JP-00-CC3 JP-00-CC4 JP-00-AR1 JP-00-AR2

Na20 0.23 0.31 0.24 0.34 0.26 0.27
MgO 28 28 281 29.1 176 16.7
Al203 20.9 20.7 23.6 21.9 23 22.6
Si02 30.4 294 29.8 30.5 27 25.9
K20 0.01 0.01 0.02 0 0.12 0.07
CaO 0.08 0.05 0.04 0.12 0 0.03
TiO2 0.07 0 0.09 0.09 0.03 0
MnO 0.08 0.09 0.05 0.05 0 0.05
FeO 4.66 4.98 5.51 4.91 205 21
Total 84.2 83.5 87.2 86.8 88.5 86.5
Beam current 20.11 20.11 20.07 20.07 20.09 20.09

Number of lons based on 28 O

Na 0.09 0.12
Mg 8.13 8.25
Al 4.8 4.83
Si 5.93 5.81
K 0 0
Ca 0.02 0.01
Ti 0.01 0
Mn 0.01 0.01
Fe 0.76 0.82
o 28 28
Total 47.7 47.8
Fe/Fe+Mg 0.09 0.09

Note: CC samples from mineralized chaotic carbonate zone

AR samples from altered rhyolite

CA samples from unmineralized chaotic carbonate zone

ST samples from chiorite feeder zone

0.09
7.92
5.26
5.64
0.01
0.01
0.01
0.01
0.87

28
47.8
0.10
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0.13
8.23
4.89
5.78

0.02
0.01
0.01
0.78

28
47.8
0.09

0.1
5.3
5.49
5.47
0.03

3.47

28
47.9
0.40

0.11
5.18
5.54

5.4
0.02
0.01

0.01
3.65

28
47.9
0.41



Table C.2 Chlorite Compositions from the Duck Pond Deposit.

Sample JP-00-CC5 JP-00-AR3 JP-00-ST2 JP-00-AR3 JP-00-AR4 JP-00-ST1

Na20 0.23 0.87 0.26 0.34 0.43 1.7
MgO 314 6.3 12.8 13.3 13.9 8.36
Al203 25 28.7 0.1 24.6 242 31.4
SiO2 32.2 39.3 26.8 30.5 29.1 38.1
K20 0.03 2.39 0.04 1.03 1.25 1.79
CaO 0.07 0.07 221 0.02 0 0.17
TiO2 0 0.156 0 0.1 0.06 0.23
MnO 0 0.03 0.43 0.03 0.04 0
FeO 463 17.4 4.52 18.5 18.6 6.46
Total 93.5 95.1 66.9 88.3 87.5 88.2
Beam current 20.04 20.07 20.07 20.11 20.09 20.08

Number of lons based on 28 O

Na 0.08 0.3 0.14 0.13 0.17 0.6
Mg 8.2 1.69 5.31 3.95 419 2.28
Al 5.17 6.08 0 5.77 5.77 6.78
Si 5.66 7.06 7.45 6.06 5.88 6.97
K 0.01 0.55 0.01 0.26 0.32 0.42
Ca 0.01 0.01 6.58 0 0 0.03
Ti 0 0.02 0 0.02 0.01 0.03
Mn 0 0 0.1 0 0.01 0
Fe 0.68 2.61 1.05 3.07 3.14 0.99
(o) 28 28 28 28 28 28
Total 47.8 46.3 48.6 47.2 47.5 46.1
Fe/Fe+Mg 0.08 0.61 0.17 0.44 0.43 0.30

Note: CC samples from mineralized chaotic carbonate zone
AR samples from altered rhyolite
CA samples from unmineralized chaotic carbonate zone
ST samples from chlorite feeder zone
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Table C.3 Sericite compositions from the Duck Pond deposit.

Sample JP-00-CC1s JP-00-CC2s JP-00-CC3s JP-00-CC4s JP-00-CC5s JP-00-AR1s JP-00-AR2s
Na20 0.77 0.58 0.49 0.28 0.41 0.48 0.7
MgO 1.47 1.72 1.49 2.57 1.43 1.71 0.98
Al203 36 37 36.3 35.7 36.4 36.2 36
Si02 50 51.8 51.5 52.5 51.4 51.7 49.4
K20 6.6 6.62 6.47 6.02 6 6.25 5.86
Ca0 0.04 0.03 0 0.03 0.09 0.06 0.18
TiO2 0.25 0.2 0.23 0.18 0.38 0.19 0.15
MnO 0 0 0.04 0.1 0.02 0.05 0.1
FeO 0.31 0.08 0.21 0.44 0.24 0.89 0.72
Total 95.4 97.9 96.6 97.7 96.2 97.4 94
Beam current 20.05 20.1 20.07 20.08 20.08 20.07 20.07

Number of lons based on 28 O

Na 0.24
Mg 0.36
Al 6.93
Si 8.16
K 1.38
Ca 0.01
Ti 0.03
Mn 0
Fe 0.04
o 28
Fel/(Fe+Mg) 0.11

0.18
0.41
6.91
8.21
1.34
0.01
0.02
0
0.01
28
0.03

0.15
0.36
6.86
8.26
1.33
0
0.03
0.01
0

28
0.07

Note: CC samples from mineralized chaotic carbonate zone

AR samples from altered rhyolite

CA samples from unmineralized chaotic carbonate zone

ST samples from chlorite feeder zone

0.09
0.61
6.67
8.31
1.22

0.02
0.02
0.1
28
0.09

0.13
0.34
6.89
8.26
1.23
0.01
0.05

0.03
28
0.09

0.15
0.41
6.81
8.26
1.27
0.01
0.02
0.01

0.1

28
0.22

0.22
0.24
7.02
8.16
1.24
0.03
0.02
0.01

0.1

28
0.29



Table C.3 Sericite compositions from the Duck Pond deposit.

Sample

Na20
MgO
Al203
SiOo2
K20
CaO
TiO2
MnO
FeO
Total
Beam current

JP-00-AR3s JP-00-AR4s JP-00-ARSs JP-00-AR6s JP-00-CA1s JP-00-CA2s JP-00-CA3s

Number of lons based on 28 O

Na
Mg
Al
Si
K
Ca
Ti
Mn
Fe
(o]
Fe/(Fe+Mg)

0.74 0.32 0.22 0.53 0.08 0.21 0.13
0.96 1.41 1.64 2.92 3.17 2.11 1.9
345 34.8 36.1 31.6 31.9 34.4 35.7
51.2 50.3 52.5 449 53.1 51.3 52.5
5.96 6.35 6.34 5.06 5.94 6.08 6.42
0 0.1 0.06 0.25 0.05 0.03 0.07
0.27 0.16 0.3 0.17 0.46 0.32 0.57
0.08 0.1 0 0.02 0 0 0.1
0.52 0.67 0.84 7.38 0.15 0.11 0.33
94 .1 94 98 92.9 94.6 94.5 97.4
201 20.07 201 20.1 20.07 20.05 20.13
0.24 0.1 0.07 0.18 0.03 0.07 0.04
0.24 0.35 0.39 0.76 0.77 0.52 0.45
6.69 6.78 6.75 6.5 6.13 6.63 6.68
8.42 8.31 8.32 7.83 8.65 8.39 8.35
1.25 1.34 1.28 1.12 1.24 1.27 1.3
0 0.01 0.01 0.05 0.01 0 0.01
0.03 0.02 0 0 0.06 0.04 0.07
0.01 0.01 0 0 0 0 0.01
0.07 0.1 0.11 1.1 0 0.02 0
28 28 28 28 28 28 28
0.23 0.21 0.22 0.59 0.03 0.03 0.09

Note: CC samples from mineralized chaotic carbonate zone

AR samples from altered rhyolite

CA samples from unmineralized chaotic carbonate zone

ST samples from chlorite feeder zone
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Table C.3 Sericite compositions from the Duck Pond deposit.

Sample JP-00-CA4s JP-00-ST1S JP-00-ST2s JP-00-ST3s JP-00-ST4s

Na20 0.24 0.93 1.83 0.75 0.9
MgO 3.42 1.01 1.25 1.49 1.1
Al203 32.3 33.9 39 36.4 37.2
Si02 558 49.2 52 52.1 497
K20 568 6.08 4.44 5.69 6.15
CaO 0.02 0.07 0.1 0.01 0.04
TiO2 0.38 0.43 0.38 0.44 0.39
MnO 0.03 0.06 0.02 0.05 0.1
FeO 0.05 04 0.49 0.39 0.17
Total 97.8 919 995 97.2 95.4
Beam curre 20.1 19.98 20.02 20.08 20.12

Number of lons based on 28 O

Na 0.07 0.31 0.55 0.23 0.28
Mg 0.8 0.25 0.29 0.35 0.27
Al 5.98 6.75 7.12 6.83 713
Si 8.77 8.32 8.07 8.28 8.08
K 1.14 1.31 0.88 1.15 1.28
Ca 0 0.01 0.02 0 0.01
Ti 0.05 0.05 0.04 0.05 0.05
Mn 0 0.01 0 0.01 0.01
Fe 0 0.1 0.06 0.05 0.02
o 28 28 28 28 28
Fe/(Fe+Mg) 0.01 0.18 0.18 0.13 0.08

Note: CC samples from mineralized chaotic carbonate zone
AR samples from altered rhyolite
CA samples from unmineralized chaotic carbonate zone
ST samples from chlorite feeder zone

C-9






Table D.1 U-Pb TIMS analytical data for the Tally Pond Group

JP-01-GC1: Quartz crystal tuff, Tally Pond Group (UTM zone 21, 541103E - 5389364N)

Isotopic Ratlos® Ages (Ma)’
Wt 1] Py Mppt Pb° Mpp Wpp #HSE  ®pp +1SE Cor.’ Ypy +1SE Mpp  428E  Pb  25E b £2SE
Fraction'  Description’ (ug)  ppm  ppm  *™pp g 2pp 2y Abs =8y Abs Coef!. pp Abs By By pp
A1 (32) Co,ClIr,nin,Eu,St 16 89 8 741 10 0.162 0.65198 0.00205 0.08227 0.00014 0.641 0.05748 0.00014 | 500.7 18 509.7 25 509.8 10.7
B1(31) Co,Clr,rin,Eu, Tips 29 231 20 318 115 0.164 0.64787 0.00415 0.08215 0.00018 0.671 0.05720 0.00030 | 509.0 21 507.2 5.1 499.1 227
B2 (43) Co,Clr,nin Eu, Tips 17 132 11 1817 6 0.166 0.64967 0.00128 0.08182 0.00013 0.743 0.05759  0.00008 507.0 1.5 508.3 1.8 514.2 5.8

Notes:

' Al fractions comprised of zircon which were abraded following the method of Krogh (1982). Number in brackets refer to number of grains in analysis.

ZZircon descriptions: Co=Colourless, Clr=Clear, fin=Few Inclusions, nin=Numerous Inclusions, rin=Rare Inciusions, Eu=Euhedral, St=Stubby Prism, Tips=Tips.

*Radiogenic Pb

“Measured ratio, corrected for spike and fractionation

®Total common Pb in analysis corrected for fractionation and spike

8Corrected for blank Pb and U and common Pb, errors quoted are 1 sigma absolute; procedural blank values for this study ranged from 0.1- 0.6 pg for U and 3-5 pg for Pb; Pb blank isotopic
composition is based on the analysis of procedural blanks; corrections for common Pb were made using Stacey-Kramers compositions;

"Correlation Coefficient

®Corrected for blank and common Pb, errors quoted are 2 sigma in Ma
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Table D.2 U-Pb TIMS Analytical data for Harpoon Gabbro (UTM Zone 21 E 528198, N 5381717).

Isotopic Ratios® Ages (Ma)’

wt. U P ®pp* P ™pp [ Mpp  i1SE  ®pb  #1SE  Com’! 'Pb  i1SE | ®Pb 125E *pb 2SE 'Pb  12SE
Fraction'  Description’ (ug) (ppm) ppm *™pb pg  pp | Py Abs 28y Abs Coeff. *Pb  Abs | **u B8y %pp
Z1(150) CoCirninEuSt 23 681 66 3592 2  0.439 |0.58833 0.00100 0.07562 0.00010 0.838 0.05642 0.00005 469.9 1.2 4698 1.3 469.1 4.1
22(75)  CoCIrninEuSt 43 912 88 32134 6  0.401 [0.59750 0.00169 0.07683 0.00021 0.989 0.05640 0.00002| 477.2 25 4756 21 4683 19
Z3A(9)  Co,ClrfinEu,St 6 141 12 932 4  0.196 |0.60328 0.00210 0.07635 0.00012 0.571 0.05731 0.00017| 4743 1.5 4793 27 5033 12.6
Z4A (11)  Co,CIr,Eu,St 10 955 90 7688 6  0.402 |0.58159 0.00081 0.07483 0.00009 0.884 0.05637 0.00004| 465.2 1.1 4655 1.0 4670 29
Z4B(10)  Co,CIr,Eu,St 12 995 92 8979 6  0.383 |0.58020 0.00105 0.07482 0.00011 0.752 0.05624 0.00007| 4652 1.3 4646 1.3 4618 53
Z4C(5)  Co,CIrEu,St 7 837 80 2235 5  0.404 |0.59119 0.00106 0.07606 0.00008 0.726 0.05638 0.00007| 4725 09 4716 14 4672 56
24D (7) _ Co,CIr,Eu,St 5 834 79 663 31 0.416 |0.58095 0.00168 0.07492 0.00009 0.713 0.05624 0.00012| 465.7 1.1 4651 22 4617 9.8
Notes:

' All fractions comprised of zircon which were abraded following the method of Krogh (1982). Number in brackets refer to number of grains in analysis.

%Zircon descriptions: Co=Colourless, Clr=Clear, fin=Few Inclusions, nin=Numerous Inclusions, rin=Rare Inclusions, Eu=Euhedral, St=Stubby Prism, Tips=Tips.

*Radiogenic Pb

“Measured ratio, corrected for spike and fractionation

*Total common Pb in analysis corrected for fractionation and spike

8Corrected for blank Pb and U and common Pb, errors quoted are 1 sigma absolute; procedural blank values for this study ranged from 0.1- 0.6 pg for U and 3-5 pg for Pb; Pb blank isotopic
composition is based on the analysis of procedural blanks; corrections for common Pb were made using Stacey-Kramers compositions;

"Correlation Coefficient

®Corrected for blank and common Pb, errors quoted are 2 sigma in Ma
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APPENDIX E

E.1 LAM-ICP-MS Geochronology

Zircons were extracted at Memorial University of Newfoundland using conventional
mineral separation techniques (crushing, Wilfley table, heavy liquids) from the least
magnetic split obtained with a Frantz isodynamic separator. The zircons were then hand-
picked in alcohol under a binocular microscope. Approximately 150 zircons were
selected and then separated into populations based on morphology and colour.

The U-Pb method followed that described by Kosler et al. (2002). Laser Ablation
Microprobe-Inductively Coupled Plasma-Mass Spectrometry (LAM-ICP-MS) analyses
were performed in the Department of Earth Sciences at Memorial University of
Newfoundland using a VG PlasmaQuad 2 S+ mass spectrometer coupled to an in-house
custom-built Q switched Nd:YAG ultraviolet laser operating with a wavelength of 266
nm. Zircons were ablated using a laser repetition rate of 10Hz and a laser energy of 0.8
mJ/pulse. The beam was focused 100 um above the sample surface and reduced to a
diameter of 10 pm by masking the beam with a white Teflon® attenuator. The sample cell
was mounted on a computer driven motorised stage on the microscope. The stage was
moved beneath the stationary laser to produce a variable size (20-40 um) laser line pit in

the sample. The depth of the pit varied from ca 10 to 50 pum depending on line length and

E-1



ablation time.

Using He as a carrier gas, the ablated sample material was transported from the
sample cell to the plasma by acid washed plastic tubing via the mixing chamber at the
rear of the plasma torch. The mass spectrometer measured the U/Pb and Pb isotopic ratios
in detrital zircons as well as a T1/Bi/Np tracer solution that was nebulised simultaneously
with the laser ablated solid sample. The tracer solution contained natural Tl
CPT12PTi=2.3871), **Bi and *"Np at concentrations of 10.6 ppb for each isotope.

Typical acquisitions consisted of ca. 60 s measurements of the He gas blank and
tracer solution signals just before the start of ablation. The U and Pb zircon ablation
signal, along with the continuing T1/Bi/Np solution signal were acquired for another 180
—200 s. External standards were periodically measured using the 295 +1 Ma (Ketchum et
al., 2001) pegmatitic gem zircon standard (02123) to monitor the precision and accuracy
of our measurements. The data were acquired in time resolved-peak jumping-pulse
counting mode with 1 point measured per peak using commercial PQVision v. 4.30
software. In total masses 201 (flyback), 203 (T1), 204 (Pb), 205 (T1), 206 (Pb), 207 (Pb),
209 (Bi), 237 (Np) and 238 (U) were measured. Oxides of Np (*'Np'°0 = 254) and U
(2 Byléo = 254) were also monitored to correct for minor changes in the solution over the
coarse of the analysis. Quadrupole settling time was 1 ms for all masses and the dwell
time was 8.3 ms for all masses except for mass 207 where it was 24.9 ms. Over the 240
seconds of measurement approximately 1600 data acquisition cycles (sweeps) were

collected.



E.2  Data Reduction

The raw data were collected for electron multiplier dead time (20ns) and downloaded
to a PC for processing using an in-house spreadsheet utility program to integrate signals
from each sequential set of ten sweeps. 207pt,296pp, 208Pb/206Pb, 206ph,/238(J and 297Pb/A°U
were calculated for each reading using a natural 238(J/2U ratio of 137.88. Signal
intervals for the background and ablation were selected for each sample and matched
with similar intervals for the standards. The calculated isotopic ratios were then corrected
for gas blank and the small contribution of Pb and U from the tracer solution. This was
typically less than 100 and 300 cps on masses 206 and 238, respectively. Using *°U in
the tracer solution allowed for a real-time instrument mass bias correction with the
205T1/233U value 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. The amount of common Pb present in zircons analysed in this
study was insignificant relative to the content of radiogenic Pb and accordingly, no
common Pb correction was applied to the data.

Accuracy and reproducibility of U-Pb analysis in the Memorial University laboratory
are routinely monitored by measurements of natural in-house zircon standards of known
TIMS U-Pb age. The average mass bias corrected **Pb/>**U value for the zircon standard
02123 (N = 58), taken over the 3 days of this study, was 0.041767. This value, expressed
at the 95% confidence interval, is in excellent agreement with the accepted value of
0.046818 (Ketchum et al., 2001). Final ages and concordia diagrams were produced
using the Isoplot/Ex macro (Ludwig, 1999) in conjunction with the LAMdate Excel

spreadsheet program (Kosler et al., 2002).
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Table E.1 Laser ablation U-Pb data and calculated ages for detrital zircons from the Rogerson Lake Conglomerate at Rogerson Lake (Sample 71).

analysis

©®NDGU A WN -

CONCORDIA COLUMNS 28% 28% 28% AGES Ma
207/235  7/Serr _ 206/238  6/8 err Rho  207/206 7/6err 207/235 206/238 207/206 7/5age 1sigma 6/8age 1sigma  7/6age 1slgma % Concordant
0.5533 0.0641  0.0866  0.0035 0.0131  0.0617  0.0018 23.19 8.08 5.85 447.2 41.9 535.3 20.7 663.0 62.7 119.71
0.7905  0.0717  0.0850  0.0031 0.0101  0.0766  0.0023 18.14 7.22 5.96 591.5 40.7 525.7 18.2 1110.9 59.5 88.88
0.5361  0.0371  0.0835 0.0029 0.0111  0.0578 0.0014 13.84 6.96 4.83 435.8 24.5 517.2 17.3 522.5 53.0 118.66
0.5280  0.0417  0.0775  0.0022 0.0114  0.0643  0.0016 156.79 5.73 4.91 430.5 27.7 4811 13.3 749.9 51.8 111.76
0.6039  0.0466 0.0864 0.0031 0.0101  0.0652  0.0016 15.43 7.10 4.85 479.7 295 534.1 18.2 782.4 51.0 111.34
0.5769  0.0243  0.0767  0.0019  0.0058  0.0574  0.0008 8.44 4.92 2.72 462.4 15.7 476.6 11.3 506.6 29.9 103.06
07509  0.1118  0.0895  0.0056  0.0143  0.0860  0.0035 29.77 12.57 8.15 568.8 64.8 552.6 333 1337.9 78.8 97.16
04984  0.0349 0.0769  0.0024 0.009¢  0.0547  0.0011 14.00 6.29 4.05 410.6 23.6 477.3 14.5 401.5 45.4 116.25
0.6095 0.0308 0.0792 0.0026 0.0072  0.0566  0.0010 10.11 6.61 3.46 483.2 19.4 491.6 15.6 4752 38.3 101.72
05139  0.0580 0.0749  0.0031 0.0208 0.0597  0.0026 22.59 8.19 8.75 4211 38.9 465.5 18.4 593.6 94.8 110.53
0.6297 0.0380 0.0832 0.0024 0.0091 0.0585  0.0013 12.08 5.73 4.52 4959 23.7 515.2 14.2 549.8 49.4 103.89
0.6150  0.0334 0.0785 0.0030 0.0063 0.0583  0.0009 10.85 7.62 3.07 486.7 21.0 4871 17.9 542.6 33.6 100.09
0.6004 0.0363 0.0800 0.0034 0.0119 0.0562 0.0016 12.08 8.52 5.70 4775 23.0 495.8 203 458.6 63.2 103.85
1.6061  0.1367 0.1667  0.0075  0.0128  0.0844  0.0053 17.03 8.95 12.52 9726 53.3 994.0 41.2 1301.2 121.6 102.20
0.5033 0.0640 0.0737 0.0046 0.0332 0.0625  0.0043 25.42 12.50 13.76 413.9 43.2 458.2 276 691.3 146.8 110.69
0.6717  0.0466  0.0883  0.0037 00093 00613 00015  13.87 8.32 4.85 521.8 28.3 545.5 217 651.1 52.0 104.55
07935  0.1001  0.0881  0.0043 00133 0.1017 0.0040 2523 9.82 7.90 593.2 56.7 544.2 256 1654.9 73.2 91.75
05339 00394 00779 00029 00111 00581 00014 1477 7.38 4.83 434.4 26.1 483.8 17.2 531.8 529 111.38
05540  0.0296  0.0818  0.0021 00093  0.0554 0.0012  10.69 5.22 4.18 4476 19.3 506.6 12.7 429.8 46.6 113.19
0.5481  0.0785 0.0880 0.0050 00156  0.0617  0.0021  28.65 11.38 6.90 4438 51.5 543.8 29.7 664.7 739 122.55
0.6981  0.0465 00842 00042 00105 0.0585 00017 1332 9.89 5.65 537.7 27.8 521.1 24.8 549.9 61.6 96.91
05343 0.0492 0.0772  0.0029 00134  0.0731  0.0021 18.43 7.61 5.82 4347 326 479.4 17.6 10171 58.9 110.28
0.4447 00738 00652 0.0059 00113 0.0591 0.0012  33.18 18.23 4.21 3735 51.9 407.2 36.0 5724 45.8 109.02
0.4867 0.0371 0.0780 0.0035 00154  0.0517  0.0016 16.25 8.86 6.21 402.6 25.3 484.5 20.7 270.3 71.2 120.32
05781 00356 00745 0.0023 00072 0.0619 0.0010  12.31 6.30 3.33 463.2 229 463.3 14.1 671.6 35.6 100.01
0.6654 00703 00828 00041 00221 00737 00042  21.12 9.95 11.45 517.9 428 5129 245 10320 1167 99.03
0.6195 00796 00777 0.0042 00164 0.0746 0.0030 2569 10.71 8.02 489.5 49.9 4824 24.9 1056.7 807 98.54
0.5487 00547 00743 0.0040 00360 00659 0.0053  19.93 10.65 16.02 444.1 35.8 462.1 23.7 802.6 167.7 104.04
0.6024  0.0497  0.0752  0.0027 0.0178  0.0636  0.0027  16.51 7.18 8.59 478.7 315 467.3 16.2 729.3 91.0 97.62
0.6211 00396 00803 0.0033 00066 00577 00009  12.74 8.24 3.26 490.5 248 497.6 19.7 517.7 35.7 101.45
05145 0.0321  0.0758 0.0025 0.0187  0.0530  0.0021 12.46 6.67 7.89 4215 215 471.3 15.2 330.2 89.4 111.82
0.5905 0.0298 0.0789  0.0024 0.0082 0.0584  0.0011 10.11 6.07 3.85 471.2 19.0 489.5 14.3 544.2 421 103.89



Table E.1 Laser ablation U-Pb data and calculated ages for detrital zircons from the Rogerson Lake Conglomerate at Rogerson Lake (Sample 71).

analysis _207/235

©OUNDOIN KON~

CONCORDIA COLUMNS 28% 28% 28% AGES Ma
7/Serr _ 206/238 6/8 err Rho 207/206  7/6err  207/235 206/238 207/206 7/5age 1sigma 6/8 age 1sigma 7/6 age 1aigma % Concordant
0.5533  0.0641 0.0866 0.0035 0.0131 0.0617  0.0018 23.19 8.08 5.85 447.2 41.9 535.3 20.7 663.0 62.7 119.71
0.7905 0.0717  0.0850 0.0031 0.0101 0.0766 0.0023 18.14 7.22 5.96 591.5 40.7 525.7 18.2 1110.9 59.5 88.88
0.5361 0.0371 0.0835 0.0029  0.0111 0.0578  0.0014 13.84 6.96 4.83 435.8 24.5 517.2 17.3 522.5 53.0 118.66
0.5280 0.0417  0.0775 0.0022 0.0114 0.0643 0.0016 15.79 5.73 4.91 430.5 27.7 481.1 13.3 7499 51.8 111.76
0.6039 0.0466  0.0864  0.0031 0.0101 0.0652  0.0016 15.43 7.10 4.85 479.7 295 534.1 18.2 782.4 51.0 111.34
0.5769 0.0243  0.0767 0.0019 0.0059 0.0574 0.0008 8.44 4.92 272 462.4 15.7 476.6 1.3 506.6 29.9 103.06
0.7509 0.1118  0.0895 0.0056 0.0143 0.0860 0.0035 29.77 12.57 8.15 568.8 64.8 552.6 33.3 1337.9 78.8 97.16
0.4984  0.0349  0.0769 0.0024 0.0099 0.0547 0.0011 14.00 6.29 4.05 410.6 23.6 4773 14.5 401.5 454 116.25
0.6095 0.0308 0.0792 0.0026 0.0072 0.0566  0.0010 10.11 6.61 3.46 483.2 19.4 491.6 15.6 475.2 38.3 101.72
05139 0.0580 0.0749  0.0031 0.0208  0.0597  0.0026 22.59 8.19 8.75 4211 38.9 465.5 18.4 593.6 94.8 110.53
0.6297 0.0380  0.0832 0.0024 0.0081 0.0585 0.0013 12.08 573 4.52 495.9 23.7 515.2 14.2 549.8 494 103.89
06150 0.033¢ 0.0785 0.0030 00063 0.0583  0.0009 10.85 7.62 3.07 486.7 21.0 487.1 17.9 542.6 33.6 100.09
0.6004 0.0363 0.0800 0.0034 00119 0.0562  0.0016 12.08 8.52 5.70 477.5 23.0 495.8 20.3 458.6 63.2 103.85
1.6061 0.1367 0.1667 0.0075 0.0128  0.0844  0.0053 17.03 8.95 12.52 972.6 53.3 994.0 41.2 1301.2 121.6 102.20
0.5033  0.0640 0.0737 0.0046 0.0332 0.0625 0.0043 25.42 12.50 13.76 413.9 43.2 458.2 27.6 691.3 146.8 110.69
0.6717 0.0466  0.0883 0.0037 0.0093 0.0613 0.0015 13.87 8.32 485 521.8 28.3 545.5 21.7 651.1 52.0 104.55
0.7935  0.1001 0.0881 0.0043  0.0133  0.1017  0.0040 25.23 9.82 7.90 593.2 56.7 544.2 25.6 16564.9 73.2 91.75
0.5339 0.0394 0.0779  0.0029  0.0111 0.0581 0.0014 14.77 7.38 483 434.4 26.1 483.8 17.2 531.8 52.9 111.38
0.5540  0.0296  0.0818  0.0021 0.0083  0.0554  0.0012 10.69 5.22 4.18 447.6 19.3 506.6 12.7 429.8 46.6 113.19
0.5481 0.0785  0.0880 0.0050 0.0156 0.0617 0.0021 28.65 11.38 6.90 443.8 515 543.8 29.7 664.7 73.9 122.55
0.6981 0.0465 0.0842  0.0042 0.0105 0.0585  0.0017 13.32 9.89 5.65 537.7 27.8 521.1 24.8 549.9 61.6 96.91
0.5343 0.0492 0.0772 0.0029 0.0134 0.0731 0.0021 18.43 7.61 5.82 434.7 32.6 479.4 17.6 10171 58.9 110.28
0.4447 0.0738 0.0652 0.0059  0.0113  0.0591 0.0012 33.18 18.23 4.21 373.5 51.9 407.2 36.0 572.4 45.8 109.02
0.4867  0.0371 0.0780  0.0035 0.0154 0.0517  0.0016 15.25 8.86 6.21 402.6 253 484.5 20.7 270.3 7.2 120.32
0.5781 0.0356  0.0745 0.0023 0.0072 0.0619 0.0010 12.31 6.30 3.33 463.2 229 463.3 14.1 671.6 35.6 100.01
0.6654  0.0703  0.0828 0.0041 0.0221 0.0737 0.0042 21.12 9.95 11.45 517.9 428 5129 24.5 1032.0 115.7 99.03
0.6195  0.0796 0.0777  0.0042 0.0164 0.0746  0.0030 25.69 10.71 8.02 489.5 49.9 482.4 24.9 1066.7 80.7 98.54
0.5487  0.0547 0.0743 0.0040 0.0360 0.0659  0.0053 19.93 10.65 16.02 444.1 35.8 462.1 23.7 802.6 167.7 104.04
0.6024  0.0497 0.0752 0.0027 0.0179  0.0636  0.0027 16.51 7.18 8.59 478.7 31.5 467.3 16.2 729.3 91.0 97.62
0.6211 0.0396  0.0803 0.0033 0.0066 0.0577 0.0009 12.74 8.24 3.26 490.5 248 497.6 19.7 517.7 35.7 101.45
0.5145  0.0321 0.0758 0.0025 0.0187 0.0530 0.0021 12.46 6.67 7.89 421.5 215 4713 15.2 330.2 89.4 111.82
0.5905 0.0298 0.0789 0.0024  0.0082 0.0584  0.0011 10.11 6.07 3.85 471.2 19.0 489.5 143 5442 42.1 103.89



Table E.2 Laser ablation U-Pb data and calculated ages for detrital zircons from the Rogerson Lake Conglomerate at Burgeo Road (Sample 72).

Analysis 207/235

OO NOOOH ON -

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Concordia Colums 2sigma 2sigma 2sigma Ages Ma
7T/5err 206/238  6/8 err Rho  207/206  7/6 err  207/235 206/238 207/206 207/235 1sigma _ 208/238 1sigma  207/206 1sigma % Concordant
11447 01027 0.1250 0.0109 09754 00688 0.0014  17.94 17.49 3.95 7747 48.6 759.3 626 891.3 40.8 98.01
1.0330 0.0948 0.1144 00071 09542 0.0642 0.0012 1835 12.38 3.88 7204 47.3 698.2 41.0 748.1 41.0 96.92
07613 00565 0.0843 0.0025 0.8006 0.0777 00017 1485 5.92 443 5747 326 521.5 14.8 1140.2 44.0 90.74
0.8628  0.0447 00771  0.0022 0.7089 0.0705 00020  10.35 5.62 5.59 6316 243 478.7 13.0 9421 57.3 75.79
06093 0.0222 00757 00016 0.8998 00591  0.0006 7.29 415 2.01 483.1 14.0 4703 9.4 570.8 21.9 97.35
06565 0.0511  0.0854 0.0035 0.8128 0.0618 00018  15.57 8.18 5.86 5125 313 528.4 20.8 667.0 62.8 103.11
05166  0.0654 0.0607 0.0080 0.9926  0.0596 00010  25.32 26.47 3.23 422.8 438 3797 48.8 590.8 35.0 89.79
0.5729 00287 00786 0.0021 0.8675 0.0558  0.0008 9.32 5.25 3.01 459.9 17.2 4876 12.3 4449 335 106.03
06075 00270 00770 0.0017 07264 0.0584  0.0012 8.90 4.49 4.24 482.0 171 478.4 10.3 544.0 46.4 99.24
0.5220 00323 00750 0.0016  0.8334  0.0545 00007 1237 415 2.75 426.5 21.5 465.9 9.3 393.5 30.8 109.25
0.6550 0.0286  0.0804 0.0029 09250 0.0578  0.0009 8.74 7.24 2.98 511.5 17.6 498.3 17.4 520.5 327 97.42
0.5774 00245 00739 00022 09038 0.0561  0.0008 8.47 6.06 2.87 462.8 15.7 459.4 134 458.1 318 99.27
0.6381 00319 00773 00027 08557 00588 00013  10.01 6.99 423 501.1 19.8 479.7 16.2 598.0 458 95.73
0.5943  0.0321 0.0816 0.0025 0.9466 0.0568 00006  10.79 6.05 2.06 4738 204 505.6 147 486.5 227 106.76
06126 0.0235 00767 0.0024 09089 0.0585  0.0008 7.68 6.38 293 485.2 14.8 476.7 147 473.0 324 98.24
06472 00273 00793 0.0031 098830 0.0577  0.0004 8.44 7.89 1.47 506.8 16.8 492.2 187 518.5 18.2 97.13
0.5841 00392 0.0744 0.0041 09689 0.0539 0.0008  13.43 11.03 2.82 467.1 25.1 4624 246 367.6 N7 98.99
1.3917  0.0870 0.1467 0.0060 09693 0.0868  0.0007 9.63 8.19 2.08 885.4 285 882.7 33.8 833.0 217 99.69
07089 00395 0.0898 0.0033 09251 0.0572 00008  11.13 7.29 299 5441 234 554.3 19.4 501.0 32.9 101.89
06364 00354 0.0812 0.0032 0.9433 0.0614 0.0008  11.12 7.81 2.75 500.0 22.0 503.5 18.9 653.3 29.5 100.69
07832 00578 0.0736 0.0036 09735 0.0755 00009  14.75 9.74 229 587.3 329 457.5 215 1080.8 23.0 77.90
0.5560  0.0362 0.0826 0.0022 07783 0.0620 0.0013  13.04 5.34 4.31 4489 238 511.9 131 673.8 48.1 114.03
17686  0.0988  0.1824 00083 09462 00673 00010  11.17 9.10 3.11 1034.0 36.2 1079.8 45.2 845.8 32.4 104.43
06252 0.0250 00786 0.0021 09389 0.0563  0.0006 8.00 5.34 1.96 4931 156 487.8 125 464.1 217 98.94
05838 0.0299 00764 00028 09582 0.0554 0.0006 1025 7.24 2.16 466.9 19.2 4746 16.6 426.6 24.1 101.65
0.7817  0.0281 0.0953 0.0035 0.8524 0.0606  0.0007 718 7.38 2.36 586.5 16.0 586.6 20.7 624.2 25,5 100.02
0.5826  0.0351  0.0766 0.0029 09308 0.0555 0.0008  12.07 7.65 3.01 466.2 226 4757 17.5 4343 33.5 102.05
11473  0.0659 01187 00048 09653 0.0871 00007  11.48 8.06 218 776.0 311 7233 27.6 841.2 227 93.21
07168  0.0252 0.0763 0.0026 0.9385 0.0803  0.0008 7.02 6.83 2.51 548.8 14.9 473.9 16.6 615.3 271 86.35
0.8759  0.0475 0.0940 0.0038 0.9590 0.0834 00007  10.84 8.00 2.36 638.7 257 578.9 22.2 7220 251 90.63
17175 00658 01707 00059 09754  0.0699  0.0006 7.66 6.97 1.58 10151 246 1016.1 327 925.4 16.2 100.10
05988  0.0714 0.0787 0.0057 0.9797 0.0587 0.0009  23.85 14.47 2.96 476.4 453 488.2 34.0 554.5 323 102.47
1.0334 010468  0.0975  0.0057 0.8264 01024  0.0041 20.25 11.68 7.96 7206 52.2 509.5 33.4 1668.4 73.8 83.20
16469 01701 0.1680 00157 09818 00703 00013 20686 18.64 3.61 988.4 65.3 1001.2 86.4 937.8 37.0 101.30
06231  0.0351 00860 00025 08630 00584 00010  11.28 5.92 3.47 4018 220 531.9 15.1 545.0 379 108.16
0.7248  0.0741  0.0994 00058 0.9077 0.0604 00016  20.44 11.71 5.41 553.5 436 610.8 341 619.2 58.4 110.36
07203 0.0525 0.0812 00043 09466 0.0601 0.0010  14.57 9.44 3.21 550.8 31.0 562.8 254 606.4 348 102.17
34427 01799 02595 0.0128 09772 0.0948 0.0010 1045 9.90 215 1514.2 411 1487.0 65.8 1623.6 20.3 98.21
0.5351  0.0244 0.0751 00018 08435 0.0583  0.0009 8.10 470 2.99 4352 16.1 466.7 10.6 577.4 325 107.22
33023 02905 02560 00149 09608 0.0988  0.0017 17.59 11.68 3.37 1481.6 68.6 1469.4 76.7 1601.1 314 99.17



Table E.2 Laser ablation U-Pb data and calculated ages for detrital zircons from the Rogerson Lake Conglomerate at Burgeo Road (Sample 72).

Analysis _207/235

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

Concordia Colums 2sigma 2sigma 2 sigma Ages Ma
7TlSerr  206/238  6/8 err Rho  207/206 7/6 err 207/235 206/238 207/206 207/235 1sigma  206/238 1sigma  207/206 1 sigma % Concordant
07207 0.0485 0.0842 00033 09317 0.0680  0.0010 13.47 7.74 3.02 551.1 28.6 521.0 19.4 867.4 31.3 94.54
09516 0.0684 0.0818 00023 06992 00782  0.0023 14.37 5.71 5.84 678.9 35.6 507.0 13.9 1151.7 58.0 74.67
1.2001  0.1042 0.13%0 0.0073 0.8935 0.0682  0.0018 17.37 10.52 5.29 800.6 48.1 838.9 414 875.9 54.7 104.78
0.5218 0.0426 0.0723 0.0032 09413 0.0563  0.0009 16.35 8.95 3.21 4264 285 4499 19.5 486.2 356 105.52
0.5086  0.0387 0.0806 00020 0.7680 0.0582  0.0012 15.21 5.05 4.21 4175 26.0 499.9 12.2 538.5 46.1 119.73
0.5573  0.0215 0.0710 00022 09506 0.0561  0.0006 7.73 6.27 2.05 4498 14.1 4421 13.4 4557 227 98.30
0.5115 0.0828 0.0794 00068 09760 0.0553  0.0011 32.36 17.16 3.83 4195 55.6 4924 40.7 4245 427 117.39
0.5490 0.0499 00726 00029 08834 0.0563 0.0012 18.17 7.99 4.24 4443 327 4518 17.4 463.1 47.0 101.69
0.5450  0.0429 0.0801 00021 0.7701 0.0626  0.0014 15.76 5.35 443 4417 28.2 496.9 12.8 693.9 47.2 112.49
0.5510  0.0291  0.0734 0.0037 09698  0.0534  0.0007 10.55 10.08 2.54 4456 19.0 456.8 222 345.8 287 102.50
06037 0.0335 00838 00022 08354 0.0629 0.0011 11.09 5.25 3.46 4796 21.2 518.6 13.1 703.5 36.8 108.13
0.5776  0.0711  0.0832 00033 0.8482 0.0688  0.0017 24.61 7.82 4.88 462.9 457 5154 19.4 8954 50.4 111.34
06889 0.0324 0.0848 00032 09554 0.0592  0.0007 9.40 7.59 2.35 532.1 19.5 525.0 19.1 576.1 255 98.66
04922 0.0409 0.0712 00028 09466 0.0589  0.0008 16.62 7.80 265 406.4 278 4431 16.7 564.1 289 109.03
04138 0.0401 00723 00028 08726 00546  0.0012 19.36 7.76 435 3516 28.8 450.0 16.9 3974 48.7 127.97
0.4858 0.0382 0.0707 00022 07823 0.0604  0.0015 16.72 6.26 4.99 4021 261 440.3 133 618.0 53.8 109.50
0.5867  0.0300 00782 00021 08652 0.08642 0.0010 10.21 5.43 3.14 468.8 19.2 4853 127 748.3 33.2 103.52
0.4812 0.0759 00722 00034 08981 0.0814 0.0014 31.53 9.43 4.62 308.9 520 449.5 205 652.7 496 112.70
04650 0.0323 00735 00020 0.8710 0.0549  0.0009 13.91 5.57 3.14 387.7 224 457.3 12.3 408.5 35.1 117.94
0.5791  0.0300 0.0727 00019 0.7999  0.0508  0.0012 10.35 5.19 3.89 463.9 19.3 4523 11.3 594.6 422 97.50
05175 0.0534 00710 00038 09575 0.0584  0.0010 20.65 10.84 3.26 4235 357 441.9 231 545.8 357 104.36
04929 0.0385 00780 00020 0.7928 0.0595  0.0012 15.64 5.25 4.04 406.9 26.2 484.0 12.2 584.1 438 118.95
0.6276  0.0220 0.0789 00016 0.8510 0.0588  0.0008 7.00 415 2.56 4946 137 489.3 9.8 564.8 279 98.93
0.5330 0.0263 00722 00023 09540 0.0560  0.0005 9.88 6.24 1.96 4338 17.4 4495 13.5 4529 218 103.60
06084 0.0129 00765 00012 09249 0.0574  0.0004 4.25 3.19 1.31 4826 8.2 4753 7.3 505.3 14.4 98.50
14917 01924 01525 0.0113 0.9676  0.0778  0.0015 25.79 14.79 3.86 927.0 78.4 915.1 63.1 1140.7 38.3 98.71
05167 0.0715 0.0781 00052 09285 0.0514 0.0014 27.68 13.33 5.33 4229 479 484.6 311 258.2 61.3 114.57
23701 01155 02129 00096 09756  0.0787  0.0008 9.75 9.00 2.03 1233.6 348 1244.2 50.9 1164.8 20.1 100.85
0.5382 0.0643 0.0689 00038 09551 0.0662 0.0011 23.88 11.15 3.46 437.2 424 4296 232 813.0 36.2 98.25
0.3891  0.0827 00755 0.0030 0.8368 0.0564 0.0014 3223 7.82 5.11 3337 458 469.2 17.7 467.5 56.6 140.62
04912 0.0380 00716 0.0024 0.8942 0.0592 0.0010 15.49 6.62 3.31 4057 259 4455 14.2 5751 36.0 109.82
07269  0.0402 0.0805 00019 0.7988 0.0650  0.0011 11.06 4.66 3.51 554.7 236 498.9 11.2 7745 36.9 89.93
06471  0.0331 00783 0.0018 0.8725 0.0670  0.0009 10.23 4.55 2.55 506.7 204 485.8 10.6 8371 265 95.88
07195 0.0468 0.0761 00022 0.7856 0.0866  0.0015 13.01 5.69 4.48 550.4 276 4731 13.0 825.7 46.7 85.96
05270  0.0475 00729 0.0033 0.9672 0.0565  0.0007 18.03 9.10 2.39 4298 316 453.5 19.9 4735 264 105.51
05077 0.0317 00790 0.0017 0.7118 0.0612  0.0013 12.50 423 417 416.9 214 490.2 10.0 646.9 448 117.57
04785 01011 00745 0.0095 0.9882 0.0514  0.0010 4227 25.59 3.97 397.0 69.5 463.0 57.2 258.9 456 116.61
04606 0.0454 00740 0.0025 0.8856  0.0602  0.0011 19.73 6.78 3.55 384.7 316 480.2 15.0 6124 38.4 119.65
06634 0.0369 00770 0.0027 09126 0.0616  0.0010 11.14 7.13 3.19 516.7 225 4783 16.4 661.2 34.2 92.58
05500 0.0394 00764 0.0023 0.8841  0.0572  0.0009 14.32 6.05 3.20 445.0 258 474.6 13.8 499.9 35.2 106.65
0.5466 0.0766 00673 00064 09779 0.0611  0.0012 28.01 19.07 407 4427 50.3 419.9 38.8 643.0 438 94.84
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APPENDIX F

F.1 Lead Isotope Geochemistry

A total of 15 galena separates from the Tally Pond belt were analyzed for their lead
isotope ratios. Galena was collected from the shallow and deep sections of the Upper Duck
lens of the Duck Pond deposit, the North Zone of the Boundary deposit, the South Moose
Pond zone, and the Lemarchant prospect. Analyses were carried out using multi-collector
ICP-MS at the GEOTOP Laboratory, Université du Québec 4 Montréal (UQAM).

Hand-picked grains of galena were placed in pre-cleaned polypropylene bottles, and
leached with 6N HCI for several days. A small aliquot of this solution (<<0.1 ml) was then
diluted with ~0.6 ml of a 2% HNO; solution spiked with the NBS 997 Thallium standard
(2.5ppb). Pb isotope compositions of the samples were measured on an IsoProbe
multicollector-ICP-MS. Samples were aspirated (~50 microlitres/min.) into the ICP torch
using an ARIDUS® microconcentric nebuliser. Simultaneous measurement of all the Pb and
Tl isotopes, and 202Hg ion signal was achieved by using 7 Faraday collectors. The
205T1/2%T1 ratio was measured in order to correct for instrumental mass bias (exponential
law; *®T1/2%T1=0.41863 8). Prior to sample introduction, collector baselines were measured
with the line of sight valve closed (50 seconds) followed by an "on-peak-zero" baseline

measurement (i.€. gas and acid blank) also for 50 seconds. Upon sample introduction, data
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acquisition consisted of 2 half-mass unit baseline measurements and 1 block of 50 scans
(10 seconds integration each) for isotope ratio analysis. Hg interferences were monitored
and corrected using “’Hg, however, the latter is negligible in all cases.

At the beginning of each analytical session, a 25 ppb solution of the NBS981 Pb
standard, which was also spiked with the NBS 997 Tl standard (1.25ppb), was analyzed.
Each analysis of the standard consumes approximately 12.5 ng of total Pb. Repeated
measurement (n=40) of this standard solution over the period of Dec. 1999-present yields
the following mean values and associated (2c) standard deviations:
206pb/2*Pb=16.938+0.016, **’Pb/***Pb=15.492+0.018, ***Pb/***Pb=36.702::0.052,
27Pb/**°Pb=0.91462+0.00049, ***Pb/***Pb=2.1668+0.0017. The associated standard
deviations correspond to external reproducibilities in the order of 0.04% amu™ (per atomic

mass unit).
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Table F.1 Lead isotope ratios for 15 samples from the Tally Pond Group.

Sample Deposit 206Pb/204Pb %error 207Pb/204Pb %error 208Pb/204Pb %error 207Pb/206Pb %error 208Pb/206Pb %error Model Age
Ma

JP-00-03 Lemarchant 18.098 0.005 15.555 0.0065 37.762 0.0112 0.8595 0.0031 2.0866 0.0031 305 9.557
JP-00-34  South Moose Pond 18.159 0.005 15.584 0.0065 37.872 0.0112 0.8582 0.0031 2.0855 0.0031 319 9.67
JP-00-65 Boundary 18.088 0.005 15.585 0.0065 37.888 0.0112 0.85837  0.0031 2.08664  0.0031 323 9.675
JP-00-78 Boundary 18.088 0.005 15.548 0.0065 37.754 0.0112 0.85946  0.0031 2.08709  0.0031 298 9.528
JP-00-44  South Moose Pond 18.17 0.005 15.586 0.0065 37.872 0.0112 0.8577 0.0031 2.0842 0.0031 314 9.676
JP-00-90 Lemarchant 18.119 0.005 15.576 0.0065 37.821 0.0112 0.8597 0.0031 2.0874 0.0031 332 9.645
JP-00-322 Upper Duck 18.16 0.005 15.579 0.0065 37.84 0.0112 0.8578 0.0031 2.0834 0.0031 307 9.647
JP-00-336 Upper Duck 18.189 0.005 15.599 0.0065 37.892 0.0112 0.8576 0.0031 2.0832 0.0031 327 9.729
JP-00-337 Upper Duck 18.144 0.005 15.567 0.0065 37.809 0.0112 0.8579 0.0031 2.0838 0.0031 295 9.598
JP-00-338 Upper Duck 18.172 0.005 15.586 0.0085 37.858 0.0112 0.8577 0.0031 2.0834 0.0031 313 9.675
JP-00-339 Upper Duck 18.149 0.005 15.571 0.0065 37.822 0.0112 0.8579 0.0031 2.0839 0.0031 299 9.614
JP-00-340 Upper Duck 18.15 0.005 15.575 0.0065 37.829 0.0112 0.8582 0.0031 2.0844 0.0031 307 9.632
JP-00-341 Lower-Upper Duck 18.276 0.005 15.681 0.0065 38.081 0.0112 0.8579 0.0031 2.0834 0.0031 425 10.07
JP-00-342 Lower-Upper Duck 18.311 0.005 15.783 0.0065 38.484 0.0112 0.8614 0.0031 2.1014 0.0031 589 10.53
JP-00-343 Lower-Upper Duck 18.209 0.005 15.641 0.0065 37.95 0.0112 0.8577 0.0031 2.0834 0.0031 396 9.912



Table F.2 Lead isotope ratios for various volcanogenic massive sulphide occurrences in the Newfoundland Dunnage Zone.

Sample Deposit 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 207Pb/206Pb 208Pb/206Pb Model Age Reference
JP-00-03 Lemarchant 18.098 15.565 37.762 0.860 2.087 305 9.557 Pollock and Wilton (2001)
JP-00-90 Lemarchant 18.119 15.576 37.821 0.860 2.087 332 9.645 Pollock and Wilton (2001)
JP-00-34 South Moose Pond 18.159 15.584 37.872 0.858 2.086 319 9.670 Pollock and Wilton (2001)
JP-00-44 South Moose Pond 18.170 15.586 37.872 0.858 2.084 314 9.676 Pollock and Wilton (2001)
JP-00-65 Boundary 18.156 15.585 37.888 0.858 2.087 323 9.675 Pollock and Wilton (2001)
JP-00-322 Upper Duck 18.160 15.579 37.840 0.858 2.083 307 9.647 Pollock and Wilton (2001)
JP-00-336 Upper Duck 18.189 15.599 37.892 0.858 2.083 327 9.729 Pollock and Wilton (2001)
JP-00-337 Upper Duck 18.144 15.567 37.809 0.858 2.084 295 9.598 Pollock and Wilton (2001)
JP-00-338 Upper Duck 18.172 15.586 37.858 0.858 2.083 313 9.675 Pollock and Wilton (2001)
JP-00-339 Upper Duck 18.149 15.571 37.822 0.858 2.084 299 9.614 Pollock and Wilton (2001)
JP-00-340 Upper Duck 18.150 15.575 37.829 0.858 2.084 307 9.632 Pollock and Wilton (2001)
JP-00-341 Deep Upper Duck 18.276 15.681 38.081 0.858 2.083 425 10.070 Pollock and Wilton (2001)
JP-00-342 Deep Upper Duck 18.311 15.783 38.484 0.861 2.101 589 10.530 Pollock and Wilton (2001)
JP-00-343 Deep Upper Duck 18.209 15.641 37.950 0.858 2.083 396 9.912 Pollock and Wilton (2001)
TQ 80-85 Victoria 18.161 15.619 38.112 0.860 2.099 388 9.826 Swinden and Thorpe (1984)
TQ-80-85 Victoria 18.159 15.624 38.102 0.860 2.098 399 9.849 Swinden and Thorpe (1984)
TQ82-1 Tulks Hil 18.144 15.571 37.957 0.858 2.092 303 9.616 Swinden and Thorpe (1984)
TQ 81-50 Tulks Hill 18.142 15.575 37.955 0.859 2.092 313 9.634 Swinden and Thorpe (1984)
TQ 81-54 Burnt Pond 18.138 15.576 37.862 0.859 2.087 319 9.640 Swinden and Thorpe (1984)
TQ 83-29 Tally Pond (Boundary) 18.156 15.583 37.902 0.858 2.088 318 9.666 Swinden and Thorpe (1984)
SP 2999 Ming 18.175 15.613 38.066 0.859 2.094 365 9.795 Swinden and Thorpe (1984)
SP 3033 Ming 18.169 15.598 38.025 0.858 2.093 340 9.730 Swinden and Thorpe (1984)
TQ 83-30 Seal Bay 18.212 15.608 38.112 0.857 2.093 328 9.763 Swinden and Thorpe (1984)
TQ 80-83 Barasway de Cerf 18.235 15.660 38.142 0.859 2.092 414 9.990 Swinden and Thorpe (1984)
TQ 80-84 Strickland 18.333 15.663 38.209 0.854 2.084 348 9.760 Swinden and Thorpe (1984)
TQ83-1 Facheux Bay 18.217 15.630 38.096 0.858 2.091 368 9.860 Swinden and Thorpe (1984)
TQ81-52 Shamrock 17.844 15.488 37.599 0.868 2.107 362 9.326 Swinden and Thorpe (1984)
TQ 81-51 Oil Islands 17.894 15.499 37.616 0.866 2.102 346 9.361 Swinden and Thorpe (1984)
TQ 91-563 Catchers Pond 17.544 15.428 37.495 0.879 2.137 473 9.142 Swinden and Thorpe (1984)
TQ 71-63 York Harbour 17.851 15.489 37.465 0.868 2.099 358 9.328 Swinden and Thorpe (1984)
TQ 72-78 Pilleys Island 17.922 15.522 37.591 0.866 2.097 372 9.457 Swinden and Thorpe (1984)
TQ72-62 Pilleys Island 17.937 15.529 37.613 0.866 2.097 375 9.484 Swinden and Thorpe (1984)
Winter 01 Buchans 17.826 15.494 37.611 0.869 2.110 388 9.358 Swinden and Thorpe (1984)
Winter 02 Airport Zone 17.806 15.498 37.550 0.871 2.109 412 9.382 Winter (2000)

Winter 03 Woodmans Brook Zone 17.610 15.447 37.494 0.877 2.129 460 9.208 Winter (2000)

Winter 04 Sandfiil Prospect 17.845 15.508 37.597 0.869 2.107 403 9.416 Winter (2000)

Winter 05 Middle Branch Zone 17.815 15.480 37.569 0.869 2.109 368 9.298 Winter (2000)
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Table F.2 Lead isotope ratios for various volcanogenic massive sulphide occurrences in the Newfoundland Dunnage Zone.

Sample Deposit 06Pb/204P07Pb/204P08Pb/204P07Ph/206P08Pb/206PModel Age 1! Reference

Winter 06 Powerhouse Zone 17.727 15.471 37.429 1.146 2111 418 9.283  Winter (2000)

Winter 07 Middle Branch East 17.958 15.502 37.627 1.159 2.095 302 9.357  Winter (2000)

W-97-18 Pilleys Island 17.831 15.417 0.865 217 9.013  Wiilton (Unpublished data)
W-97-19 Bull Road 17.931 15.498 0.864 315 9.347  Wilton (Unpublished data)
65768.00 Lochinvar 17.594 15.456 0.878 491 9.255  Wiilton (Unpublished data)
Wilton 1 Daniel's Pond 18.167 15.578 0.857 300 9.641  Wilton (Unpublished data)
Wilton2 West Tulks 18.226 15.584 0.855 268 9.652  Wilton (Unpublished data)
0I-93-1  Oil Islands 17.934 15.526 0.866 371 9.471  Wilton (Unpublished data)
01-93-3  OQil Islands 17.873 15.514 0.868 393 9.435  Wilton (Unpublished data)
W-95-38 Handcamp 18.096 15.540 0.859 275 9.490  Wilton (Unpublished data)
CK-1 Buchans- McLean 17.829 15.492 37.620 0.869 2.110 382 9.348 Cumming and Krstic (1987)
CK-2 Buchans- McLean 17.823 15.490 37.612 0.869 2110 382 9.341  Cumming and Krstic (1987)
CK-3 Buchans- McLean 17.823 15.488 37.612 0.869 2.110 378 9.332 Cumming and Krstic (1987)
CK-4 Buchans- McLean Extension 17.821 15.488 37.606 0.869 2.110 380 9.332 Cumming and Krstic (1987)
CK-5 Buchans- McLean Extension 17.820 15.490 37.621 0.869 2.111 385 9.342 Cumming and Krstic (1987)
CK-6 Buchans- McLean Extension #4 17.832 15.496 37.628 0.869 2.110 388 9.365 Cumming and Krstic (1987)
CK-7 Buchans- Old Buchans 17.818 15.496 37.654 0.870 2.113 399 9.369 Cumming and Krstic (1987)
CK-8 Buchans- Oriental 17.827 15.490 37.626 0.869 2.111 379 9.340 Cumming and Krstic (1987)
CK-9 Buchans- Oriental #1 East 17.823 15.491 37.610 0.869 2.110 384 9.345 Cumming and Krstic (1987)
CK-10 Buchans- Oriental #1 West 17.825 15.497 37.632 0.869 2111 395 9.372 Cumming and Krstic (1987)
CK-11 Buchans- Lucky Strike Main 17.832 15.496 37.634 0.869 2.110 388 9.365 Cumming and Krstic (1987)
CK-12 Buchans- Lucky Strike Main 17.829 15.493 37.619 0.869 2.110 384 9.352 Cumming and Krstic (1987)
CK-13 Buchans- Lucky Strike North 17.826 15.492 37.617 0.869 2.110 384 9.349 Cumming and Krstic (1987)
CK-14 Buchans- Lucky Strike North 17.815 15.489 37.606 0.869 2.111 386 9.338 Cumming and Krstic (1987)
CK-15 Buchans- Engineer Zone 17.833 15.495 37.624 0.869 2.110 385 9.360 Cumming and Krstic (1987)
CK-16 Clementine 17.828 15.491 37.613 0.869 2.110 380 9.344  Cumming and Krstic (1987)
CK-17 Connel Option 17.735 15.488 37.560 0.873 2.118 447 9.358 Cumming and Krstic (1987)
CK-18 Connel Option 17.731 15.486 37.543 0.873 2117 446 9.350 Cumming and Krstic (1987)
CK-19 Connel Option 17.732 15.486  37.543 0.873 2117 445 9.349 Cumming and Krstic (1987)
CK-20 Mary March 17.723 15.480 37.543 0.873 2.118 440 9.325 Cumming and Krstic (1987)
CK-21 Mary March 17.965 15.527 37.662 0.864 2.096 349 9.467 Cumming and Krstic (1987)
CK-22 Mary March 17.965 15.529 37.677 0.864 2.097 353 9.476 Cumming and Krstic (1987)
CK-23 Mary March 17.943 15.519 37.634 0.865 2.097 349 9.437 Cumming and Krstic (1987)
CK-24 Mary March 17.941 15.523 37.635 0.865 2.098 359 9.456 Cumming and Krstic (1987)
CK-25 Skidder 17.639 15.457 37.458 0.876 2.124 458 9.245 Cumming and Krstic (1987)
CK-26 Skidder 17.586 15.445 37.498 0.878 2.132 475 9.207 Cumming and Krstic (1987)
CK-27 Skidder 17.629 15.442 37.463 0.876 2.125 434 9.180 Cumming and Krstic (1987)
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Table F.2 Lead isotope ratios for various volcanogenic massive sulphide occurrences in the Newfoundland Dunnage Zone.

Sample  Deposit  06Pb/204P 07Pb/204P 08Pb/204P 07Pb/206P 08Pb/206P Model Age 1 Reference

CK-28 Skidder 17.634 15.445 37.461 0.876 2.124 437 9.192 Cumming and Krstic (1987)
CK-29 Skidder 17.644 15.445 37.464 0.875 2.123 429 9.189 Cumming and Krstic (1987)
CK-30 Skidder 17.638 15.452 37.491 0.876 2.126 448 9.223 Cumming and Krstic (1987)
CK-31 Skidder 17.684 15.455 37.492 0.874 2.120 418 9.223 Cumming and Krstic (1987)
CK-32 Skidder 17.685 15.455 37.481 0.874 2.119 417 9.222 Cumming and Krstic (1987)
CK-33 Tulks Hill 18.144 15.571 37.957 0.858 2.092 303 9.616 Cumming and Krstic (1987)
CK-34 Tulks Hill 18.142 15.575 37.955 0.859 2.092 313 9.634 Cumming and Krstic (1987)
CK-35 Tulks East  18.203 15.591 37.997 0.857 2.087 300 9.689 Cumming and Krstic (1987)

CK-36 Tulks East  18.204 15.590 37.998 0.856 2.087 297 9.684 Cumming and Krstic (1987)
CK-37 Tulks East 18.180 15.584 37.963 0.857 2.088 303 9.664 Cumming and Krstic (1987)
CK-38 Tulks East  18.173 15.578 37.958 0.857 2.089 296 9.639 Cumming and Krstic (1987)

CK-39 Tulks East  18.177 15.581 37.967 0.857 2.089 299 9.652 Cumming and Krstic (1987)
CK-40 Tulks East  18.186 15.586 37.995 0.857 2.089 302 9.671 Cumming and Krstic (1987)
CK-41 Victoria 18.139 15.604 38.060 0.860 2.098 374 9.765 Cumming and Krstic (1987)
CK-42 Victoria 18.134 15.597 38.045 0.860 2.098 364 9.735 Cumming and Krstic (1987)



APPENDIX G

G.1  Sulphur Isotope Geochemistry

Sulphur isotopes were performed at the Department of Earth Sciences, Memorial
University of Newfoundland and conducted on SO, gas extractions from single crystals
of sulphide material. Single crystals of pyrite, chalcopyrite, galena and sphalerite were
hand-picked from hand samples and drill-core and crushed in a ceramic mortar and pestal
assembly. The sulphide powder (4-9 mg) were weighed and mixed with V,0s. The
resultant mixture was crushed and transferred to high purity tin capsules. The samples are
then loaded onto a Carlo Erba Automatic Gas Chromatographic Elemental Analyzer
carousel and the sample details are entered into an auto run file in the machine. The
machine’s auto-run is then started which sequentially drops each sample into a
combustion region of the elemental analyzer.

The samples were combusted at 1000°C on a cryogenic separation line to remove
SO, gas following the method of Rafter (1965). Extracted SO, gas was analyzed for
34$/°28 ratios on a Finnigan MAT 252 isotope ratio mass spectrometer (IR-MS) followed
by data processing using a personal computer. Sulphur dioxide gas samples are run on the
mass spectrometer against internal standards, (ie. Mun-Py). Full details regarding

analytical procedures associated with this process are given in Giesemann et al. (1994).
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Calibration standards (NBS-123, NBS-127, and NZ1) were run during the course of the
analysis resulting in calibration standard deviations in the range of +0.3 %o, thereby

giving a measure of analytical accuracy.



Table G.1 Sulphur isotope values for the Tally Pond Group.

Sample number

1 JP-00-02
2 JP-00-03
3 JP-00-11
4 JP-00-12
5 JP-00-18
6 JP-00-35
7 JP-00-39
8 JP-00-46
9 JP-00-50
10 JP-00-63
11 JP-00-65
12 JP-00-69
13 JP-00-75
14 JP-00-78
15 JP-00-83
16 JP-00-107
17 JP-00-114
18 JP-00-124
19 JP-00-130
20 JP-00-152
21 JP-00-157
22 JP-00-179
23 JP-00-184
24 JP-00-191
25 JP-00-195
26 JP-00-213
27 JP-00-221
28 JP-00-243
29 JP-00-245
30 JP-00-283
31 JP-00-287
32 JP-00-295
33 JP-00-301
34 JP-00-313
35 JP-00-317
36 JP-00-323
37 JP-00-324
38 JP-00-342
39 JP-00-343

Drill hole

n/a
LM-91-01
NM-00-02
NM-00-02
TH-00-01
SM-97-07
SM-97-08
SM-97-05
SM-97-05
BD-99-105
BD-99-104
BD-99-108
BD-99-108
BD-112
BD-99-113
BD-99-126
BD-99-170
BD-99-159
BD-99-120
BD-99-163
BD-99-122
DP-88-142
DP-88-142
DP-88-142A
DP-87-116
DP-87-139
DP-88-145
DP-88-185
DP-88-185
DP-99-209
DP-99-209
DP-00-218
DP-00-218
DP-88-168
DP-88-168
DP-88-168
DP-88-168
DP-99-213
DP-99-219

Depth (m)

outcrop
99.7
199.25
199.85
187.8
98.8
123.3
28
138.5
20
17.3
29.2
384
8.7
26.57
204
15.65
6.4
11.9
241
11.7
208.6
404.3
779.6
126.7
330.65
273
282.2
412.6
202.9
253
94
264.2
182.4
229.7
276.1
364.8
375.6
337

Location

East Pond

Lemarchant

North Moose Pond

North Moose Pond

South Moose Pond ‘Thunder’

South Moose Pond

South Moose Pond

South Moose Pond

South Moose Pond

Boundary Deposit - North Zone
Boundary Deposit - North Zone
Boundary Deposit - North Zone
Boundary Deposit - North Zone
Boundary Deposit - North Zone
Boundary Deposit - North Zone
Boundary Deposit - South East Zone
Boundary Deposit - South East Zone
Boundary Deposit - South East Zone
Boundary Deposit - South Zone
Boundary Deposit - South Zone
Boundary Deposit - South Zone
Duck Pond - Upper Block

Duck Pond - Upper Block

Duck Pond - Lower Duck lens

Duck Pond - Upper Block

Duck Pond - Upper Duck lens

Duck Pond - Upper Block

Duck Pond - Upper Block

Duck Pond - Upper Duck lens

Duck Pond - Upper Duck lens

Duck Pond - Upper Duck lens

Duck Pond - Upper Block

Duck Pond - Upper Duck lens

Duck Pond - Upper Duck lens

Duck Pond - Upper Duck lens

Duck Pond - Upper Duck lens

Duck Pond - Upper Duck lens

Duck Pond - Deep Upper Duck lens
Duck Pond - Deep Upper Duck lens
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Host rock

felsic breccia

aitered felsic volcanic
felsic agglomerate rhyolite
graphitic argillite

rhyolite dyke

altered mafic volcanic
chloritized mafic volcanic
altered mafic volcanic
massive sulphide

massive sulphide
mineralized felsic lapilli tuff
carbonatized/chloritized feeder pipe
mineralized lapilli tuff
massive sulphide

intensely chloritized feeder
felsic tuff

laminated sulphide and sediment
massive sulphide

massive sulphide

chlorite feeder

massive sulphide

graphitic sediment

rhyolite

massive sulphide

diorite intrusion

rhyolite

graphitic sediment

mafic flows

massive sulphide
mineralized rhyolite
massive sulphide

massive pyrite

intensely altered rhyolite
chlorite feeder stringer zone
sulphide debris flow
silicifed zone

chlorite alteration pipe
massive sulphide

massive sulphide

Mineral 5%s vebT
sphalerite 6.67
galena 6.59
pyrite - 712
pyrite - 8.69
pyrite 8.20
pyrite 8.47
pyrite - 023
pyrite 5.70
chaicopyrite/sphalerite 9.98
pyrite 11.70
pyrite/sphalerite/galena 8.83
pyrite 11.29
pyrite/chalcopyrite 10.73
pyrite/sphalerite/chalcopyrite 10.64
pyrite 12.44
pyrite 9.97
pyrite 6.46
pyrite 10.04
pyrite 10.68
pyrite 13.02
pyrite 11.38
pyrite -13.74
pyrite/chalcopyrite 13.72
pyrite/chalcopyrite 7.83
pyrite 37
pyrite 9.03
pyrite -17.41
pyrite - 385
pyrite 8.41
pyrite 7.38
pyrite 11.19
pyrite 7.44
pyrite 6.85
pyrite 5.79
pyrite 7.04
pyrite 9.21
pyrite 8.54
pyrite 11.01
pyrite 6.33















