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ABSTRACT

To clarify their tectonostratigraphic affinity within the Victoria Lake supergroup and to better understand these mineral-
izing environments, U–Pb geochronology, trace-element lithogeochemistry and Sm/Nd isotopic geochemistry were applied to
the host rocks of the Tulks East, Tulks Hill and Boomerang volcanogenic massive sulphide (VMS) deposits, in central New-
foundland.

A subvolcanic porphyry from the Tulks Hill deposit, dated previously at 498 +6/-4 Ma, provides a minimum age for the
nearby Tulks Hill and Tulks East deposits. Two, new U–Pb zircon ages were obtained from the felsic tuff that hosts mineral-
ization at the Boomerang deposit and from a felsic dyke interpreted to be broadly synvolcanic. The combined TIMS and
SHRIMP data for these two samples indicate an identical U–Pb age of 491 ± 3 Ma. This date is younger than the 498 +6/-4
Ma age from Tulks Hill, although the errors do overlap at their older and younger limits, respectively. Inheritance patterns in
the Boomerang samples suggest the presence of older crustal material having Cambrian (514–510 Ma) ages akin to those
reported from the Tally Pond group, an older sequence within the Victoria Lake supergroup. The new results suggest that VMS
mineralization in the Tulks area and at Boomerang may represent temporally discrete events, despite some apparent similar-
ities. The age determined for the Boomerang deposit is closer to (but not identical with) a U–Pb date of 487 ± 3 Ma, obtained
some 30 km to the southwest of the Boomerang deposit, from a unit termed the Pats Pond group. This suggests that the
younger sequence of rocks may be regionally extensive, as proposed by other workers, and implies that it may have potential
elsewhere for VMS mineralization similar to the Boomerang deposit.

The comparison of lithogeochemical patterns from the Tulks East, Tulks Hill and Boomerang deposit areas, with pub-
lished data from the Pats Pond group, is complicated by the effects of hydrothermal alteration near the VMS mineralizing
environments. Nevertheless, examination of immobile trace-element signatures suggests that these sequences cannot be dis-
tinguished on the basis of their geochemistry. The volcanic and pyroclastic rocks are all broadly arc-related, and show a mix-
ture of calc-alkaline and tholeiitic signatures that perhaps record the construction and later rifting of individual arc
sequences. However, Nd isotope signatures from felsic rocks in the Boomerang area and the Pats Pond group are higher (gNd
of +4 to +5.5) than those from the Tulks Hill and Tulks East areas (gNd of about +3). Although not a straight-forward corre-
lation, as the volcanic rocks that host the Tulks East and Tulks Hill deposits also locally contain higher gNd values of between
+4 to +5, the latter observation may also be supportive of a link between the Boomerang area and the Pats Pond group.

Collectively, the new results, when taken with the earlier results, suggest that the tract of rocks known as the Tulks Vol-
canic Belt includes rocks of more than one age, but of generally similar geochemistry and tectonic setting. There is an imme-
diate need for more geochronological studies and age determinations of other VMS deposits in this area, to ascertain how
they might fit into a revised view of this complex but economically important package of rocks.

INTRODUCTION

The Island of Newfoundland boasts numerous vol-
canogenic massive sulphide (VMS) deposits within Cambri-
an–Ordovician volcanic arcs and back-arc basins of the

Dunnage Zone. The Dunnage Zone is divided by a major
suture zone, the Red Indian Line (RIL), into a western ter-
rane representing the Laurentian margin of the ancient Iape-
tus Ocean and an eastern terrane representing the Gond-
wanan margin of Iapetus (Williams et al., 1988; Figure 1).
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The Victoria Lake supergroup (VLSG), located east of the
RIL in the Exploits Subzone of the Dunnage Zone, is an
important exploration target for VMS deposits. The impor-
tance of the VLSG is highlighted by the opening of the Duck
Pond mine in 2007 with proven, and probable, reserves of
4.1 Mt containing 3.3% Cu, 5.7% Zn, 62 g/t Ag and 0.85 g/t
Au (Aur Resources, press release, May 2007). The 2004 dis-
covery of the Boomerang deposit in the Tulks Volcanic Belt
(TVB) of the VLSG, containing an indicated resource of
1.36 Mt, grading 7.09% Zn, 3.00% Pb, 0.51% Cu, 110.43 g/t
Ag, and 1.66 g/t Au (Messina Minerals, press release, June
2007), has also generated interest in this part of the study
area.

The TVB is bimodal, and is dominated by felsic vol-
canic rocks containing interbedded mafic volcanic, pyro-
clastic, volcaniclastic and sedimentary rocks (Evans and
Kean, 2002). The age of the TVB was originally constrained
by a U–Pb age of 498 +6/-4 Ma on a subvolcanic porphyry
near the Tulks Hill VMS deposit (Evans et al., 1990). More
recent mapping and compilation by the Geological Survey
of Canada, coupled with geochronology and lithogeochem-
istry (van Staal et al., 2005; Zagorevski et al., 2007a) indi-
cated that the TVB is composite, and also includes
sequences of volcanic and sedimentary rocks.

This paper presents and discusses new data from the
southern part of the TVB including U–Pb geochronological
data obtained from host rocks to the Boomerang VMS
deposit. This deposit sits within the originally defined 'Tulks
Volcanic Belt', but was placed in the newly defined Pats
Pond group, (ca. 488 Ma; Zagorevski et al., 2007a; van
Staal et al., 2005).

REGIONAL GEOLOGY AND 
METALLOGENIC FRAMEWORK

The Dunnage Zone of the Newfoundland Appalachians
(Figure 1) represents the vestiges of Cambro-Ordovician
continental and intra-oceanic arcs, back-arc basins, and
ophiolites that formed in the Iapetus Ocean (Kean et al.,
1981; Swinden, 1990; Williams, 1995). The zone is bisected
by an extensive fault system (the Red Indian Line, RIL) into
a western peri-Laurentian segment (Notre Dame and Dash-
woods subzones), and an eastern peri-Gondwanan segment
(Exploits Subzone). The two main subzones of the Dunnage
Zone are differentiated on stratigraphic, structural, faunal,
and isotopic characteristics (Williams et al., 1988). The RIL
separates the Buchans Group, and locally the Red Indian
Lake group (Rogers et al., 2005), which formed on the Lau-
rentian side of the Iapetus Ocean, from the VLSG, that
formed on the Gondwanan side of Iapetus. The deformation
associated with final closure of the Iapetus Ocean culminat-
ed during the Silurian (dated directly as syn- to post- 432 ±

1.4 Ma; Zagorevski et al., 2007b), at which time, thrusting
and folding juxtaposed these initially geographically distinct
volcanic belts.

Mapping by the Geological Survey of Newfoundland
and Labrador (GSNL) in the 1970s and 1980s (e.g., Kean,
1977; Kean et al., 1981; Evans and Kean, 2002 and refer-
ences therein) indicated that the TVB (see Figures 1 and 2)
represents the remnants of one of several bimodal Cambrian
to Ordovician volcanic-arc sequences. Together with adja-
cent volcanic and sedimentary belts of variable tectonic
affinities, it belongs to the VLSG (Evans and Kean, 2002);
subdivided into the TVB (ca. 498 Ma), the Long Lake Vol-
canic/Volcaniclastic Belt (ca. 505 Ma), and the Tally Pond
Volcanic Belt (ca. 515 Ma). In addition to the Cambro-
Ordovician volcanic and volcaniclastic rocks of the VLSG,
there are also large areas of late Precambrian (565–563 Ma)
plutonic rocks (Evans et al., 1990), which represent inliers
of old basement, most likely of the crustal block, Ganderia
(e.g., van Staal et al., 1998). Previous lithogeochemical
studies, based largely on subordinate mafic volcanic rocks,
indicate that the VLSG is composed of distinct geochemical
groupings representing different tectonic environments, e.g.,
active arc, arc-rift, back-arc, and mature arc (see Swinden et
al., 1989; Evans and Kean, 2002).

Evans and Kean (2002) divide the VLSG into the north-
ern and southern terrains, separated by the Rogerson Lake
Conglomerate. The TVB, part of the northern terrain, is
bounded to the north by the RIL and the sedimentary and
volcaniclastic rocks of the Harbour Round Belt (e.g., Red
Indian Lake group of Rogers et al., 2005), and to the south
by a geophysical anomaly, in the form of a regionally exten-
sive magnetic high, separating the TVB from the Long Lake
Belt.

The most common rock types of the southern TVB con-
sist of light grey to white, quartz ± feldspar porphyritic fel-
sic-intermediate pyroclastic rocks, massive rhyolite, and fel-
sic-intermediate ash tuffs through to tuffs and lapilli tuffs,
locally bimodal breccias, and minor subvolcanic porphyries.
Mafic volcanic rocks are subordinate and are dominated by
tuffs, lapilli tuffs, breccias, sills, and locally pillow lavas.
Black shales, argillites and greywackes are also locally
abundant.

The TVB has been subjected to lower to middle, green-
schist-facies metamorphism and moderate to strong defor-
mation. The presence of well-developed, bedding-parallel,
regional foliations defined by alignment of chlorite and
sericite commonly obliterates primary textures in the rocks.
The stratigraphy typically strikes northeast and dips steeply
to the northwest, and the belt is transected by shear zones
and faults.
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All rocks, within the southern part of the TVB, were
considered to be of similar age based on a 498 +6/-4 Ma
U–Pb date, of a subvolcanic porphyry, located close to the
Tulks Hill VMS deposit (Evans et al., 1990). This age was
recently re-interpreted by using a weighted average of the
207Pb/206Pb ages, versus the original linear regression tech-
nique, resulting in a slightly younger age of 496.5 ± 1 Ma
(G.R. Dunning, personal communication, 2008).

Recent mapping and geochronological studies by the
Geological Survey of Canada (GSC) (Rogers et al., 2005;
van Staal et al., 2005) resulted in the interpretation of the
southern TVB as a series of generally westward-younging
tectonostratigraphic units including the Tulks group (ca. 498
Ma), the Pats Pond group (ca. 487 Ma), the Sutherlands
Pond group (ca. 462–457 Ma; Zagorevski et al., 2008, Dun-
ning et al., 1987), and the Wigwam Brook group (ca. 453
Ma; van Staal et al., 2005; Zagorevski et al., 2007a). The
Wigwam Brook group was dated from a sample of quartz
and feldspar phyric tuff immediately south of Pats Pond, but
the age of the Pats Pond group was obtained from a sample
of bimodal breccia collected in the Burgeo Highway area,
approximately 30–35 km southwest of the Boomerang
deposit, in a package of rocks physically disconnected from
those that host the Boomerang deposit.

PATS POND GROUP

As the Pats Pond group is used throughout this report
for comparative purposes with the host rocks to VMS
deposits, a brief description of the characteristic rock types
is given. As described by Zagorevski et al. (2007a), the Pats
Pond group is dominated by intermediate quartz-phyric and
mafic tuffs. The stratigraphically lowest unit within the
group consists of calc-alkaline pillow basalt, overlain by
feldspar ± quartz-phyric ash, crystal and lapilli tuffs. These
are stratigraphically overlain mainly by quartz-phyric
andesitic tuffs, and the stratigraphically highest portion of
the group is dominated by basaltic to andesitic tuff, lapilli
tuff, and rhyolitic tuff. From the base to the top, Zagorevski
(2007a) subdivided the group into six informal geochemical
subunits, PP1 through to PP6 (see pages 33-36).

VOLCANOGENIC MASSIVE 
SULPHIDE DEPOSITS

LITHOLOGICAL AND STRATIGRAPHIC SETTING

Massive sulphide deposits in the southern TVB are
characteristically associated with felsic-intermediate vol-
canic rocks (locally quartz ± feldspar, ash-crystal tuffs and
rhyolitic flows) hosted within sequences of volcaniclastic
and sedimentary rocks containing lesser amounts of mafic
volcanic rocks. Abundant bimodal sills are associated with

volcaniclastic sedimentary rocks (argillite/wacke) within the
mineralized sequences and appear to have been emplaced
when the latter were still unconsolidated. This suggests a
possible arc-rift or back-arc basin tectonic environment for
massive sulphide formation.

From north to south, the three main known VMS
deposits in the southern TVB are the Tulks East, the Tulks
Hill, and the Boomerang deposits. Mineralization in all
three deposits is associated with intense sericite–silica–
pyrite, and locally chloritic, alteration and is interpreted to
have formed through sub-seafloor replacement processes
rather than by exhalative processes (e.g., Squires et al.,
2005a,b and Hinchey, 2007).

The Tulks East and Tulks Hill deposits occur within the
Jacks Pond formation of the Tulks group (van Staal et al.,
2005 and Lissenberg et al., 2005), whereas the Boomerang
deposit occurs within the younger Pats Pond group
(Zagorevski et al., 2007a and van Staal et al., 2005). These
three deposits are evaluated and discussed in terms of their
host-rock-types and relationships, geochronology, and litho-
geochemical characteristics. For comparative purposes, the
lithogeochemistry and geochronology of the Pats Pond
group of Zagorevski et al. (2007a) will also be examined. 

TULKS EAST DEPOSIT

The Tulks East deposit is hosted by a series of
sericite–silica–pyrite and, locally, chlorite–carbonate-
altered felsic tuffs and lapilli tuffs, quartz-phyric rhyolitic
flows and local basaltic sills. Both the hanging wall and
footwall of the deposit have undergone hydrothermal alter-
ation and contain stringer-style sulphide mineralization,
within an alteration envelope, extending approximately
1600 m along strike, 200 m across strike, and at least 400 m
down (McKenzie et al., 1993; Noranda, 1998). The presence
of intense hydrothermal alteration and sulphide stringers, in
both the hanging wall and footwall stratigraphy, are indica-
tive of a replacement process for mineralization (Hinchey,
2007). Footwall stratigraphy consists mainly of felsic-inter-
mediate ash, crystal (quartz ± feldspar), lapilli tuffs and rhy-
olitic flows (Plate 1), with minor conglomerate, mafic tuffs,
and intermediate to mafic amygdaloidal sills. Mineralization
is found toward the top of this stratigraphic package which,
in turn, is overlain by a thick sequence of intercalated
graphitic argillite, hosting the Tulks East fault, and mafic to
intermediate sills and dykes. Hanging-wall rocks, strati-
graphically above the graphitic argillite, are dominantly
mafic to intermediate sills and lesser amounts of quartz-
phyric felsic volcanic rocks.

Petrographically, the quartz-phyric rhyolites display
well-preserved textures and contain partially resorbed and
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embayed quartz crystals within a fine-grained, recrystallized
quartz matrix (Plate 1). The matrix is often partially
replaced by sericite. The resorption textures suggest that the
quartz phenocrysts, having variably preserved crystals, were
unstable in the melt prior to its solidification, being perhaps
related to increased temperatures caused by mafic magma
influx. In contrast, the felsic tuffaceous rocks contain abun-
dant broken quartz crystals in fine-grained, quartz–sericite
matrix.

To date, the Tulks East deposit represents the largest
accumulation of sulphide mineralization in the TVB and is

distributed in three massive sulphide lenses (termed the A,
B, and C zones) totalling about 5.6 Mt (Barbour and Thur-
low, 1982). The A-Zone lens is the largest accumulation of
sulphide containing about 4.5 Mt of massive sulphide (~ 2%
base metals (Zn+Cu+Pb)), but the smaller B-Zone (approx-
imately 0.23 Mt) has higher grades (approximately 8.7% Zn,
0.66% Cu, 1.26% Pb, 58.7 g/t Ag, and 0.14 g/t Au; Barbour
and Thurlow, 1982). The C-Zone contains approximately 1
Mt of lower grade, pyritic massive sulphide. The close spa-
tial proximity and overall geological similarities between
the Tulks East and Tulks Hill deposits have led to the
assumption that both are of the same age.

17

Plate 1. Macroscopic and microscopic features of the host felsic rocks from the various VMS deposits. (A) Massive and
homogenous quartz-phyric rhyolite from the Tulks East deposit. (A') Quartz crystals within a fine-grained recrystallized quartz
matrix from a rhyolitic facies at Tulks East deposit. Note the delicate resorption textures occurring as embayments within the
quartz crystal, indicative that the quartz phenocrysts were unstable in the melt prior to its solidification. (B) Quartz-phyric
rhyolite from the Tulks Hill deposit. (B') Rounded and resorbed quartz phenocrysts within a fine-grained recrystallized quartz
and sericite matrix from the Tulks Hill deposit. (C) Quartz- and feldspar-phyric, crystal volcaniclastic tuff from the
Boomerang deposit. (C') Quartz and feldspar crystals surrounded by a sericitic matrix from the Boomerang deposit.
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TULKS HILL DEPOSIT

The Tulks Hill deposit occurs at a similar stratigraphic
horizon as the Tulks East deposit, and is hosted by quartz-
phyric rhyolite (Plate 1) and altered felsic-intermediate vol-
canic rocks, dominated by blue quartz ± feldspar-phyric
(locally lapilli-rich) tuff. In addition to the felsic-intermedi-
ate tuffs and rhyolite, the stratigraphy also contains mafic
sills, black argillite and shale, and intermediate volcanic
rocks, very similar to those observed at the Tulks East
deposit.

The quartz-phyric rhyolites display well-preserved tex-
tures and the quartz occurs, both as rounded to teardrop-
shaped crystals, in a matrix dominated by fine-grained
recrystallized quartz and sericite (Plate 1), to partially
resorbed quartz crystals as observed at Tulks East. As at
Tulks East, the felsic tuffaceous rocks contain abundant bro-
ken quartz crystals in fine-grained, quartz-sericite matrix.

Prominent sericite, chlorite, pyrite and silica alteration
is observed within the host felsic quartz-eye tuff and quartz-
phyric rhyolite in proximity to the sulphide lenses. These
features, along with alteration and related stringer mineral-
ization present, in both the hanging wall and footwall, are
indicative of a replacement process for mineralization (Kean
and Evans, 1986). Alteration associated with the sulphide
lenses has been observed over a 2000-m-long zone (McKen-
zie et al., 1993).

The deposit consists of four tabular massive sulphide
lenses (T1 to T4) collectively containing 720 000 tonnes of
massive sulphide, grading 5.6% Zn, 1.3% Cu, 2.0% Pb, 41
g/t silver and 0.4 g/t gold (Jambor and Barbour, 1987). Lens-
es T1, T2 and T3 outcrop on surface and are marked by
heavily gossaned areas, whereas the T4 lense occurs at
depth. Isoclinal folding in the area suggests that some of the
lenses may represent structural repetitions of the same hori-
zons (Moreton, 1984; Saunders, 1999). In addition to pyrite
and base metals, significant magnetite also occurs within the
T1 and T2 lenses and serves to discriminate the ore from
other massive-sulphide bodies in the area. The significance,
if any, of the magnetite is unknown.

BOOMERANG DEPOSIT AND RELATED ZONES

The Boomerang, Domino and Hurricane VMS deposits
are located in the southern portion of the TVB in the vicini-
ty of Pats Pond, approximately 17.5 km southwest of the
southern tip of Red Indian Lake (Figures 1 and 2). For the
purposes of this report, all of the massive sulphide lenses
will be grouped together under the name 'Boomerang' to
simplify discussion.

The Boomerang deposit stratigraphy consists of a series
of felsic-intermediate volcanic rocks including
quartz±feldspar phyric ash-crystal tuffs (Plate 1), lapilli
tuffs, coarse-grained volcaniclastic rocks (conglomerate and
breccia), sedimentary rocks (black argillite, siltstone, chert
and black shales), felsic, intermediate and amygdaloidal
mafic sills, and intermediate dykes. The rocks are dominat-
ed by volcaniclastic material, with a general lack of massive,
coherent rhyolite, which contrasts with the local abundance
of the latter at the Tulks Hill and Tulks East deposits.

Based on observed inter-fingering and 'soft-sediment'
intrusive textures, the bimodal sills are considered to be syn-
chronous with the volcanic and sedimentary rocks in the
stratigraphy, an observation substantiated by geochronology
(see below, pages 20-24). Well-defined fining-upward sedi-
mentary sequences (e.g., turbiditic sequences) are common-
ly observed in drillcore, and along with the bimodal sills
may indicate an arc-rift type environment. All rock types,
with the exception of some of the late sills, are overprinted
by strong northwest-dipping foliations. The observation that
some sills are foliated whereas others are massive with little
to no foliation suggests possible different ages for various
sills, or competency contrasts.

The deposit's stratigraphy is divided into a hanging-wall
sequence, a mineralized horizon, and a footwall sequence
(see Squires et al., 2006; Dearin, 2006). The hanging wall
sequence consists of undifferentiated, locally fining-
upward, felsic-intermediate volcanic rocks dominated by
quartz±feldspar crystal-ash tuffs, fine-grained sedimentary
rocks (black shales/argillite/greywacke/chert), volcaniclas-
tic conglomerate/breccia, and bimodal sills. Footwall rocks
consist of strongly sericitized felsic-intermediate volcanic
rocks (dominated by fine-grained, pyroclastic crystal-ash
tuffs) that commonly contain base-metal stringer sulphides.
The rocks are extremely sericitized and display an intense
foliation and a local crenulation cleavage. The mineralized
horizon of the Boomerang deposit consists of strongly
altered, fine-grained pyroclastic felsic-intermediate volcanic
rocks (ash-crystal tuffs) and sedimentary rocks (black
shales, chert and argillite) that are intimately associated with
massive sulphide mineralization. The intercalation of vol-
canic, pyroclastic and sedimentary rocks provided a
favourable environment for the formation of the Boomerang
massive sulphide lense via replacement (see Hinchey, 2007;
Squires, 2008; Squires et al., 2005).

The dominant quartz–feldspar–phyric, felsic-intermedi-
ate tuff consists of abundant, variably preserved, quartz and
feldspar crystals in an intermediate fine-grained ground-
mass, commonly altered to sericite (Plate 1). All textures at
the Boomerang deposit are indicative of volcaniclastic
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facies compared to the more coherent facies observed in the
Tulks East and Tulks Hill deposits.

Hydrothermal alteration, predominantly sericite–sili-
ca–pyrite along with local chlorite and carbonate, and
stringer base-metal sulphides, occur in both the hanging
wall and footwall of the massive sulphide lense, although
the alteration is much more intense in the footwall rocks.
The deposit displays metal zonations with a Cu- and Zn-
enriched bottom and a gold-enriched top. A recent NI43-101
compliant mineral resource estimate for the Boomerang
lense returned an indicated resource of 1.36 Mt grading
7.09% Zn, 3.00% Pb, 0.51% Cu, 110.43 g/t Ag, and 1.66 g/t
Au (Messina Minerals Inc., press release, June 21, 2007).
An additional 0.7 Mt of inferred resources is estimated for
the Boomerang and Domino lenses. In contrast to the medi-
um- to coarse-grained, massive sulphides associated with
the Tulks Hill and Tulks East deposits, the sulphides in the
Boomerang deposit are dominated by fine- to medium-
grained, banded and wispy, sphalerite–galena–chalcopy-
rite–pyrite intergrowths.

U–Pb GEOCHRONOLOGY

Geochronological studies were initiated in an attempt to
further characterize the stratigraphy of the southern TVB
and constrain the timing of VMS mineralization. The data
below summarize results of U–Pb TIMS and SHRIMP
geochronology from the host rocks of the Boomerang
deposit. The U–Pb geochronology analysis was done at the
Geochronology Laboratory, of the Geological Survey of
Canada, as part of a collaborative study with the GSC.

ANALYTICAL METHODS

The geochronology samples were collected from drill-
core. Heavy mineral concentrates were prepared by standard
crushing, grinding, Wilfley table, and heavy liquid separa-
tion techniques. Mineral separates were sorted by magnetic
susceptibility using a FrantzTM isodynamic separator.

The U–Pb isotope dilution-thermal ionization mass
spectrometer (ID-TIMS) analytical methods utilized in this
study are outlined in Parrish et al. (1987). Multigrain zircon
fractions for TIMS analyses comprised between 10 to 25
grains (see Table 1) and were very strongly air abraded fol-
lowing the method of Krogh (1982). Details of zircon mor-
phology and quality are summarized in Table 1. Treatment
of analytical errors follows Roddick (1987), with regression
analysis modified after York (1969). The U–Pb TIMS ana-
lytical results are presented in Table 1, where errors on the
ages are reported at the 2F level, and displayed in a concor-
dia plot (Figure 3a).
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The Sensitive High Resolution Ion MicroProbe
(SHRIMP II) analyses were conducted using analytical and
data reduction procedures described by Stern (1997) and
Stern and Amelin (2003). Zircons from the samples and
fragments of the GSC laboratory zircon standard (z6266 zir-
con, with 238U/206Pb age = 559 Ma) were cast in an epoxy
grain mount (mount IP419), polished with diamond com-
pound to reveal the grain centres, and photographed in trans-
mitted light. The mount was evaporatively coated with 10
nm of high purity Au, and the internal features of the zircons
were characterized with backscattered electrons (BSE) uti-
lizing a scanning electron microscope (SEM). Analyses
were conducted using an O! primary beam projected onto
the zircons with an elliptical spot size of 25 Fm (in the
longest dimension). The count rates of ten isotopes of Zr+,
U+, Th+, and Pb+ in zircon were sequentially measured using
a single electron multiplier. Off-line data processing was
accomplished using customized in-house software. The
SHRIMP analytical data is presented in Table 2. Common
Pb-corrected ratios and ages are reported with 1F analytical
error, which incorporate an external uncertainty of 1.1% in
calibrating the standard zircon (see Stern and Amelin, 2003).
The 238U/206Pb ages for the analyses have been corrected for
common Pb using both the 204- and 207-methods (Stern,
1997), but there is no significant difference in the results.

The data are plotted in concordia diagrams with errors
at the 2F level (Figures 3b and 3c), using Isoplot v. 3.0
(Ludwig, 2003) to generate the plots. A Concordia age (Lud-
wig, 1998) is calculated for some of the samples presented.
A Concordia age incorporates errors on the decay constants
and includes both an evaluation of concordance and an eval-
uation of equivalence of the data. The calculated Concordia
age and errors quoted in the text are at 2F with decay con-
stant errors included.

RESULTS

Sample JHC-06-239 (z9127)

A sample of intermediate ash to lapilli tuff was collect-
ed from diamond-drill core, Hole GA-05-016 (interval
345.7–360.1 m). The sample sits directly above the massive
sulphide zone at the Boomerang deposit. The sulphide in the
deposit replaces this same rock type (Squires et al., 2005;
Hinchey, 2007) suggesting that the rock was not completely
consolidated during the time of the mineralizing processes,
and, as such, the age is interpreted as being syn-mineraliza-
tion.

The sample yielded abundant zircon of fairly good
quality, and only minor fractures and inclusions were pres-
ent in almost all of the grains; zircon morphology ranges
from stubby prismatic to elongate. Multigrain zircon frac-
tions were analyzed by ID-TIMS. These data, which were

21

Figure 3. a) U–Pb concordia diagram for the ash/lapilli tuff
from the Boomerang deposit; analyzed using ID-TIMS tech-
niques, b) U–Pb concordia diagram for the ash/lapilli tuff
from the Boomerang deposit; analyzed using SHRIMP II
techniques. A cumulative probability plot of the data is inset,
c) U–Pb concordia diagram for the felsic dyke from the
Boomerang deposit; analyzed using SHRIMP II techniques.
A cumulative probability plot of the data is inset.
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analyzed in four different U–Pb chemistry batches, contain
a significant amount of common lead (12–70 pg, Table 1),
which is related to the inclusions present in most of the zir-
con, as opposed to procedural lead blanks. Some of the zir-
con analyses are quite discordant (20–28%) and contain
inherited components (C2 and A1, not plotted); however,
some of the fractions are nearly concordant (Figure 3a;
Table 1). A weighted average of the 238U/206Pb ages of the
most concordant analyses is calculated to be 493.0 ± 2.4 Ma
(MSWD=1.8). There is some scatter of the data, which is
most likely a result of minor inheritance in these analyses.

Representative zircons from the sample were placed on
a grain mount for imaging with a backscatter detector on a
scanning electron microscope. Many of the zircons are inter-
preted as magmatic having well-defined oscillatory zoning
(Plate 2a). Other grains appear to contain inherited cores and
show good core-rim relationships.

The SHRIMP data for this sample define a cluster over-
lapping concordia (Figure 3b; Table 2). A Concordia age is
calculated to be 490.6 ± 2.9 Ma (MSWD of concordance
and equivalence = 0.72; probability = 0.95; n=22). This cal-

22

Plate 2. Representative back-scattered electron images of zircons from: a) felsic ash – lapilli tuff from the Boomerang deposit
and b) felsic dyke from the Boomerang deposit. 
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culation utilized all of the SHRIMP analyses except one that
is highlighted in red on Figure 3b. This older analysis at ca.
530 Ma (Table 2) is interpreted to be from an inherited zir-
con. The date of 491 ± 3 Ma is taken to be the crystallization
age of the zircon in the tuff and constrains the timing of min-
eralization. Although the sulphides have replaced this host
rock, the interval between deposition and mineralization is
not considered significant (e.g., see Hinchey, 2007).

Sample JHC-06-240 (z9128)

A sample of a felsic dyke was collected from diamond-
drill core, Hole GA-05-079 (interval 247.1–264.0 m),
directly above the sulphide zone at the Boomerang deposit.
The sample yielded a very small amount of zircon; not
enough material for ID-TIMS analysis, so the zircon
retrieved was placed on a grain mount and analyzed using
the SHRIMP. Backscatter SEM images reveal oscillatory-
zoned grains that appear magmatic and also grains with pos-
sible inherited cores (Plate 2b).

The SHRIMP data define a cluster of data overlapping
concordia (Figure 3c; Table 2). A Concordia age, utilizing
all of the SHRIMP analyses except 2 outlined below, is cal-
culated to be 490.7 ± 2.9 Ma (MSWD of concordance and
equivalence = 0.96; probability = 0.54; n=20). This date of
491 ± 3 Ma is interpreted to be the crystallization age of the
felsic dyke and it suggests that the dyke is synchronous with
the tuffaceous rocks represented by sample JHC-06-239
(z9127).

Two of the analyses are slightly older with ages of ca.
510 and 514 Ma (Table 2; highlighted in red on Figure 3c).
These zircons are interpreted to be entirely inherited grains
in the rock. These inheritance ages are the same as the crys-
tallization ages of volcanic rocks previously dated at the
Duck Pond deposit (McNicoll et al., 2008). As the zircon
yield was poor in the sample from this study, there is the
possibility that all of the zircon in the felsic dyke is
xenocrystic, i.e., inherited from the rocks that the dyke has
intruded.

GEOCHEMISTRY

A representative suite of all volcanic and volcaniclastic
rock types from the TVB was analyzed for major and trace
elements using Inductively Coupled Plasma – Emission
Spectrometry (ICP-ES) methods outlined in Finch (1998). A
smaller subset of samples was analyzed at Acme Analytical
Laboratories for trace elements and rare-earth elements
(REE) by four-acid digestion, Inductively Coupled Plasma –
Mass Spectrometry (ICP-MS) techniques. Samples were
separated into groups based upon their association with the
specific VMS deposits described above and, where possible,

were further divided into hanging wall and footwall cate-
gories to aid in identifying the affects of alteration. Selected
samples were also analyzed for Sm/Nd isotopic composi-
tions (Table 3) by Thermal Ionization Mass Spectrometry
(TIMS) techniques at Memorial University. The complete
geochemical database derived from this project will be
released later, when the project is completed. Selected
chemical ratios for various rock types from each deposit are
listed in Table 3 to aid in discussion and comparison.

The samples analyzed in this study cover all rock types
and include both altered and unaltered samples. It is very
difficult to obtain unaltered material for geochemical analy-
ses, because outcrop is limited, and exploration is naturally
focused around areas of mineralization. Most of the samples
represent drillcore.

ELEMENT MOBILITY CONSIDERATIONS

It is important to account for the effects of element
mobility, especially if using lithogeochemistry to make
inferences about tectonic settings or primary rock composi-
tions. As the major rock types within the TVB comprise fel-
sic-intermediate volcanic rocks, it is necessary to first
understand the effects that the replacement of primary min-
erals (predominantly feldspar), and volcanic glass by sec-
ondary hydrothermal minerals, have upon chemical element
systematics. The most common hydrothermal alteration
process affecting the felsic-intermediate volcaniclastic rocks
hosting VMS deposits of the southern TVB is replacement
of primary feldspar by sericite, effectively resulting in a gain
of K from hydrothermal fluids and a loss of Na and Ca from
the rock. Additional replacement of feldspars and sericite by
chlorite results in an addition of Mg ± Fe to the rocks. Based
on the degree of alteration of the samples within this study,
it is assumed that the Na, K, Ca, Mg, Fe and SiO2 have acted
as mobile elements. Although other major oxides such as
Al2O3 and TiO2 are commonly assumed to be immobile
under most alteration conditions (e.g., Barrett and MacLean,
1999), the presence of intense alteration, including locally
intense carbonate alteration proximal to massive sulphide
horizons, suggests that these elements should be also used
with caution. For further discussions on the potential mobil-
ity of these elements, as well as other high-field-strength-
elements (HFSEs), see Pandarinath et al. (2008), Jiang et al.
(2005), Finlow-Bates and Stumpfl (1982), and Hynes
(1980). The low-field-strength-elements (e.g., Ba, Rb, Cs,
Sr) are considered to be mobile under the alteration condi-
tions in this study, and are not used to discriminate between
rock types. The REEs (with the exception of Eu (e.g., Sver-
jensky, 1984; Whitford et al., 1988)) are generally consid-
ered to be immobile except under extreme hydrothermal
alteration conditions, when the light REEs may become
mobile (Campbell et al., 1984; MacLean and Barrett, 1993).
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The coherent behaviour of the heavy REEs in the samples
suggest that they were immobile, whereas there are slight
shifts in light REE concentrations (especially La) indicating
some mobility. The HFSEs, e.g., Zr, Hf, Nb, Ta, Y, Th, are
immobile in almost all cases (e.g., Barrett and MacLean,
1999; Lentz, 1999). The coherent behaviour of these ele-
ments in the samples suggests that they remained essential-
ly immobile during alteration. The samples analyzed in this
study include both volcanic and volcaniclastic rocks.
Whereas element immobility can be proven in strictly
coherent volcanic facies in the belt, other factors could
affect the lithogeochemistry of tuffaceous rocks.

The geochemical data from the three main deposits in
the southern TVB, as well as that of the Pats Pond group of
Zagorevski et al. (2007a) and Rogers (2004), are plotted on
an alteration box plot in Figure 4 (Large et al., 2001). This
plot uses two common alteration indexes viz., the Hashimo-
to Alteration Index (AI; Ishikawa et al., 1976) and the chlo-
rite–carbonate–pyrite index (CCPI; Large et al., 2001; see
Table 3 for formulae). High AI values represent sericite and
chlorite alteration products from the breakdown of plagio-
clase feldspars and volcanic glass; whereas high CCPI val-
ues represent chlorite, Fe–Mg carbonates and pyrite alter-
ation typically associated with VMS deposits. Most of the
felsic-intermediate rock types that host the VMS deposits at
the Tulks Hill, Tulks East and Boomerang deposits are dis-
placed to the right of the 'least altered box', with relatively
high AI and CCPI, suggesting that they have been widely
affected by hydrothermal activity. For this reason, emphasis
is placed on relatively immobile REE and HFSE in the fol-
lowing discussion. In contrast, the data from the Pats Pond
group (Zagorevski, 2007a) do not show strong alteration
effects as the focus of that study was to sample for geo-
chemical correlations and tectonic discrimination, with
altered rocks being avoided.

Tulks East Deposit

The host rocks to the Tulks East deposit are bimodal.
The felsic-intermediate (andesitic composition) host rocks
are subdivided into crystal tuffs, lapilli tuffs, and rhyolites.
Quartz-phyric crystal tuffs dominate both the hanging wall
and footwall sequences, and samples from both areas have
relatively low Zr/TiO2 (283 and 272) and Nb/Y ratios (0.07
and 0.03), suggestive of a subalkaline affinity (Table 3; Fig-
ure 5). Felsic lapilli tuffs from the hanging wall and footwall
have very similar Nb/Y ratios with slightly lower Zr/TiO2

ratios (201 and 189 respectively), whereas rhyolite from the
hanging wall and footwall have similar Zr/TiO2 but more
variable Nb/Y ratios. Quartz–feldspar-phyric crystal tuffs
from the hanging wall have a distinctly higher Zr/TiO2 ratio
(809) but with similar Nb/Y ratios. However, the average is
skewed by one sample with a high Zr/TiO2 ratio. The HFSE

(e.g., Zr, Hf, Y, Nb and Ta) contents of all the felsic-inter-
mediate rocks are low to moderate, characterizing them as
volcanic-arc to ocean-ridge-type rocks on the commonly
used HFSE diagrams (Figure 6). Primitive-mantle-normal-
ized plots for the felsic-intermediate rocks (Figures 7 and 8),
are characterized by weak to moderate LREE enrichments
(with the exception of the footwall felsic tuffs that have a
slight depletion), as shown by the LaN/SmN ratios in Table 3,
slight depletions in MREE causing the slightly concave
upward patterns (refer to the GdN/LuN ratios in Table 3 and
Figures 7 and 8), slight to moderate overall REE fractiona-
tions, strongly negative Nb and Ti anomalies, variably
strong negative Eu anomalies, and slightly positive Zr and
Hf anomalies. Most of the felsic-intermediate rocks have
very low Zr/Y and La/Yb ratios, similar to published values
for tholeiitic rocks (Barrett and MacLean, 1999; Table 3).
The Sm/Nd isotopic analyses of two samples of felsic tuff
yielded gNd (498 Ma) values of +2.90 and +3.10 (Table 4).

The mafic volcanic rocks from Tulks East are charac-
terized by relatively flat, extended trace-element plots, with
values three to four times that of primitive mantle concen-
trations (Figure 9). Samples display a strong negative Nb
anomaly, a slight positive Eu anomaly, and slightly negative
Zr and Hf anomalies. The one sample of an andesitic sill has
a unique chemistry with a downward concave, extended
trace-element profile, similar to that associated with ocean-
island or back-arc-basin basalt. On a Ti-V discrimination
diagram (after Shervais, 1982), the mafic volcanics plot pre-
dominantly in the island-arc tholeiite field, whereas the one
sample of an andesitic sill plots in the alkaline field (Figure
10), and on a Th-Zr-Nb plot (after Wood, 1980) the mafic
volcanics plot predominantly in the arc-basalt field with the
one sample of the andesitic sill plotting at the N-MORB to
E-MORB boundary.

Tulks Hill Deposit

The host rocks to the Tulks Hill deposit are also
bimodal. Felsic host rocks are dominated by quartz-phyric
rhyolite, with minor amounts of quartz-phyric felsic tuff,
quartz–feldspar-phyric tuff and lapilli tuff. Rhyolite from
the hanging wall and footwall have relatively high average
Zr/TiO2 ratios (928 and 972) and low to moderate Nb/Y
average ratios (0.06 and 0.08), suggestive of a subalkaline
affinity (Table 3; Figure 5). However, there appears to be at
least two subgroups of rhyolite, viz., a group having rela-
tively low HFSE and REE and a group with relatively high-
er HFSE and REE (see Figures 5, 6, and 8; not subdivided
for the purposes of Table 3). Using this chemical differenti-
ation, the average Zr/TiO2 of the enriched group is 1420 ±
100, significantly higher than the other rhyolite. As there is
no way to visually or petrographically distinguish these
rocks, they have been combined in one group for compari-
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Table 3. Summary of some key major- and trace-element ratios for the felsic rocks associated with the VMS deposits in the
southern TVB and the Pats Pond group

TULKS EAST STRATIGRAPHY
Fel. Lapilli Tuff

Fel. Tuff (HW) Fel.Tuff (FW) HW FW Qtz-fld Tuff (HW) Rhyolite (HW) Rhyolite (FW)
Average Average AverageAverage Average Average Average

n = 4, 1 n = 5, 3 n = 1, 1 n = 2, 1 n = 3, 2 n = 2, 2 n = 1, 1

AI 69.46 31.70 90.06 7.72 46.73 92.29 24.10 17.07 57.58 51.74 92.48 -
CCPI 64.89 22.26 89.99 12.59 53.48 82.66 33.76 14.06 56.75 43.73 75.36 -
Na/K 1.13 1.78 0.25 0.07 0.96 0.21 9.14 10.39 1.99 2.67 0.19 -
Zr/Y 2.23 - 1.99 0.94 1.77 2.52 2.56 1.15 1.15 0.64 1.77 -
Zr/Nb 35.53 4.10 168.41 136.58 38.86 56.18 35.68 2.27 42.83 0.36 39.47 -
Zr/TiO2 283.11 125.14 272.70 43.37 201.54 189.16 809.10 477.46 298.49 144.60 346.13 -
Zr/Hf 32.34 - 31.81 3.33 30.68 29.37 35.56 2.28 21.64 15.55 30.18 -
Nb/Y 0.07 - 0.03 0.02 0.05 0.04 0.07 0.03 0.03 0.01 0.04 -
Th/Nb 0.35 0.17 2.69 1.54 0.73 1.05 0.91 0.24 1.01 0.30 0.92 -
LaN/YbN 1.86 - 0.60 0.53 1.47 1.55 1.53 1.33 1.24 0.15 1.41 -
CeN/YbN 1.66 - 0.56 0.47 1.37 1.62 1.28 0.99 1.17 0.17 1.31 -
LaN/ThN 1.39 - 0.31 0.33 0.85 0.60 0.41 0.06 1.02 0.41 0.64 -
LaN/NbN 4.50 - 2.96 2.28 5.26 8.10 3.13 1.58 9.27 6.13 5.03 -
ZrN/SmN 0.71 - 1.38 0.62 0.68 0.73 1.17 0.04 0.52 0.35 0.65 -
LaN/SmN 1.63 - 0.78 0.63 1.44 1.33 1.68 0.86 1.37 0.01 1.31 -
GdN/LuN 0.87 - 0.69 0.13 0.89 0.88 0.77 0.19 0.84 0.01 0.87 -
Eu/Eu* 0.30 - 0.61 0.25 1.04 0.33 0.78 0.19 0.74 0.15 0.29 -
Nb/Nb* 0.14 0.16 0.02 0.01 0.04 0.07 0.05 0.02 0.03 0.02 0.04 -
Zr/Zr* 0.19 - 0.28 0.07 0.18 0.20 0.29 0.04 0.13 0.08 0.17 -
Ti/Ti* 0.05 - 0.05 0.02 0.05 0.06 0.02 0.02 0.03 0.03 0.03 -
Nb/Ta - - 10.25 6.72 - - 16.00 - 14.75 14.50 13.00 -

TULKS HILL STRATIGRAPHY
Fel. Tuff (HW) Fel.Tuff (FW) Fel. Lapilli Tuff (HW) Qtz-fld Tuff (HW) Rhyolite (HW) Rhyolite (FW)
Average Average Average Average Average Average

n = 2, 0 n = 2, 2 n = 1, 0 n = 1, 1 n = 12, 5 n = 3, 1

AI 40.10 8.03 57.35 42.44 36.23 - 46.33 - 60.90 31.53 63.72 33.48
CCPI 66.84 10.04 78.93 23.81 34.99 - 27.97 - 51.12 15.30 60.21 23.24
Na/K 3.67 0.42 9.50 13.32 2.56 - 1.16 - 1.82 2.74 3.87 6.31
Zr/Y - - 2.22 0.23 - - 2.44 - 2.14 0.31 2.44 -
Zr/Nb 30.99 7.21 28.35 1.78 36.71 - 29.21 - 35.44 7.01 33.91 10.42
Zr/TiO2 84.59 5.08 460.09 348.97 1512.82 - 553.00 - 928.21 535.82 972.40 448.61
Zr/Hf - - 34.38 0.96 - - 34.22 - 31.98 1.58 31.32 -
Nb/Y - - 0.08 0.00 - - 0.08 - 0.06 0.01 0.08 -
Th/Nb 0.69 0.23 0.99 0.57 0.80 - 0.95 - 0.92 0.33 0.68 0.43
LaN/YbN - - 2.39 0.80 - - 1.82 - 1.48 0.55 1.86 -
CeN/YbN - - 1.93 0.54 - - 1.53 - 1.31 0.42 1.63 -
LaN/ThN - - 0.63 0.23 - - 0.45 - 0.65 0.22 0.45 -
LaN/NbN - - 4.70 1.05 - - 3.59 - 4.29 0.56 3.94 -
ZrN/SmN - - 0.82 0.01 - - 1.15 - 0.94 0.08 1.02 -
LaN/SmN - - 2.12 0.36 - - 2.24 - 1.74 0.34 1.97 -
GdN/LuN - - 0.95 0.11 - - 0.69 - 0.74 0.13 0.78 -
Eu/Eu* - - 0.93 0.23 - - 0.56 - 0.70 0.15 0.64 -
Nb/Nb* 0.09 0.03 0.04 0.02 - - 0.04 - 0.06 0.02 0.14 0.14
Zr/Zr* - - 0.21 0.00 - - 0.30 - 0.24 0.02 0.27 -
Ti/Ti* - - 0.03 0.02 - - 0.03 - 0.02 0.01 0.01 -
Nb/Ta - - 16.50 - - - - - 14.83 1.65 15.00 -
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Table 3. Continued

BOOMERANG AND DOMINO STRATIGRAPHY
Fel. Lapilli Qtz-fld. Qtz-fld.

Fel. Tuff (HW) Fel.Tuff (FW) Tuff (HW) Tuff (HW) Tuff (FW) Felsic Sill Felsic Ashy Tuff
Average Average Average Average Average Average Average

n = 16, 7 n = 4, 3 n = 6, 3 n = 3, 2 n = 3, 2 n = 8, 4 n = 2, 2

AI 46.21 15.70 59.85 21.60 57.76 10.22 50.65 35.78 55.67 11.43 33.00 8.07 42.61 35.19
CCPI 60.97 9.35 69.64 4.52 55.76 9.09 66.42 23.13 84.63 15.00 44.94 8.28 49.92 17.49
Na/K 16.10 31.64 0.27 0.03 1.33 0.69 8.95 12.15 0.38 0.08 27.39 62.42 9.57 12.78
Zr/Y 2.82 0.75 3.43 0.73 3.67 0.91 2.69 0.14 3.40 0.30 3.73 1.23 5.62 0.63
Zr/Nb 39.66 12.67 29.04 3.47 54.68 15.12 33.45 2.30 39.86 1.52 39.14 6.66 31.04 0.94
Zr/TiO2 152.65 124.83 156.75 16.14 326.61 217.28 114.50 19.02 193.63 16.82 233.46 140.77 489.33 447.69
Zr/Hf 33.61 2.52 33.92 2.06 38.41 2.88 32.81 0.72 36.51 2.58 35.37 2.20 35.35 0.60
Nb/Y 0.07 0.02 0.11 0.02 0.07 0.03 0.08 0.01 0.09 0.01 0.09 0.03 0.18 0.01
Th/Nb 0.46 0.33 0.41 0.14 0.84 0.46 0.63 0.75 0.31 0.08 0.68 0.40 0.78 0.70
LaN/YbN 1.52 0.32 1.83 0.27 2.11 0.37 2.68 1.70 3.50 1.53 2.83 1.63 4.31 1.36
CeN/YbN 1.49 0.28 1.63 0.25 2.06 0.33 2.38 1.21 3.09 1.59 2.41 1.25 3.60 0.93
LaN/ThN 1.11 0.55 0.90 0.06 0.84 0.29 1.01 0.50 2.23 0.02 0.96 0.39 0.98 0.54
LaN/NbN 3.43 1.22 2.60 0.29 5.80 1.96 5.44 4.22 6.09 2.17 4.72 0.83 4.84 2.22
ZrN/SmN 1.05 0.27 1.41 0.10 1.20 0.29 0.83 0.21 0.97 0.36 1.21 0.22 1.18 0.11
LaN/SmN 1.38 0.32 1.89 0.09 1.73 0.23 1.86 0.94 2.22 0.09 2.14 0.69 2.82 0.98
GdN/LuN 0.97 0.17 0.84 0.06 0.98 0.08 1.03 0.02 1.13 0.51 1.05 0.27 0.94 0.27
Eu/Eu* 0.89 0.10 0.83 0.13 0.88 0.06 1.03 0.12 1.40 0.36 0.90 0.04 0.88 0.10
Nb/Nb* 0.15 0.10 0.09 0.01 0.07 0.04 0.16 0.15 0.11 0.08 0.10 0.10 0.06 0.04
Zr/Zr* 0.28 0.07 0.37 0.04 0.33 0.08 0.23 0.04 0.27 0.09 0.32 0.07 0.36 0.01
Ti/Ti* 0.13 0.05 0.12 0.01 0.04 0.02 0.09 0.01 0.08 0.03 0.10 0.02 0.07 0.06
Nb/Ta 19.64 8.33 13.94 2.58 17.50 5.07 14.75 2.47 10.50 0.71 12.54 4.71 13.08 2.24

PATS POND GROUP STRATIGRAPHY
PP1 PP2 PP3 PP4 PP5 PP6

Average Average Average Average Average Average 
n = 4, 4 n = 2, 2 n = 5, 5 n = 7, 7 n = 1, 1 n = 2, 2

AI 43.25 6.42 39.20 5.13 31.65 9.64 30.90 10.83 42.51 - 7.16 3.15
CCPI 63.01 9.31 87.01 3.00 54.18 16.81 40.17 10.32 50.32 - 4.60 0.00
Na/K 44.07 40.98 25.90 22.06 71.10 69.59 13.41 11.94 2.69 - 98.56 113.29
Zr/Y 2.24 0.21 2.30 0.28 2.05 0.38 2.01 0.64 2.17 - 2.69 0.68
Zr/Nb 43.14 9.08 23.42 1.30 40.52 8.33 45.61 5.55 37.01 - 32.11 0.16
Zr/TiO2 57.31 7.13 33.92 0.59 96.93 37.73 139.72 40.15 44.60 - 764.12 171.80
Zr/Hf 34.34 3.00 32.44 0.27 31.25 1.96 31.69 2.50 32.64 - 33.24 0.96
Nb/Y 0.05 0.02 0.10 0.02 0.05 0.01 0.05 0.02 0.06 - 0.08 0.02
Th/Nb 2.62 1.16 1.67 0.09 1.27 0.31 1.40 0.39 0.40 - 1.07 0.20
LaN/YbN 3.20 0.96 3.63 0.49 1.50 0.23 1.22 0.34 0.67 - 1.32 0.22
CeN/YbN 2.86 0.81 2.98 0.44 1.33 0.20 1.06 0.29 0.69 - 1.20 0.13
LaN/ThN 0.44 0.09 0.44 0.00 0.44 0.10 0.44 0.16 0.58 - 0.29 0.04
LaN/NbN 9.01 2.39 6.30 0.35 4.66 1.12 4.90 1.15 1.99 - 2.56 0.11
ZrN/SmN 0.55 0.05 0.57 0.01 0.85 0.17 0.87 0.19 0.99 - 1.54 0.06
LaN/SmN 1.78 0.15 2.40 0.04 1.56 0.48 1.45 0.22 0.84 - 1.94 0.17
GdN/LuN 1.33 0.13 1.06 0.15 0.86 0.13 0.68 0.07 0.86 - 0.66 0.01
Eu/Eu* 0.92 0.06 1.16 0.13 0.99 0.31 0.68 0.12 1.08 - 0.47 0.01
Nb/Nb* 0.02 0.01 0.02 0.00 0.03 0.01 0.03 0.00 0.09 - 0.04 0.01
Zr/Zr* 0.16 0.01 0.16 0.00 0.21 0.04 0.22 0.05 0.24 - 0.37 0.03
Ti/Ti* 0.14 0.02 0.24 0.01 0.13 0.04 0.09 0.03 0.27 - 0.03 0.00
Nb/Ta 5.32 1.16 - - - - - - 5.11 - 11.78 2.17

AI= Hashimoto index = 100*[(MgO+K2O)/(MgO+K2O+Na2O+CaO)] (Ishikawa et al., 1976)
CCPI = chlorite-carbonate-pyrite index = 100*[(MgO+FeO*0/(MgO+FeO*+K2O+Na2O)] (Large et al., 2001)
Na/K = Na2O/K2O
samples normalized to primitive mantle (values after Sun and McDonough, 1989)
Eu/Eu* = Eupm/(Gdpm*Smpm)0.5, Nb/Nb* = 0.5*Nbpm/(Thpm+Lapm), Zr/Zr* = 0.5*Zrpm/(Gdpm + Smpm), Ti/Ti* = 0.5*Tipm/(Gdpm + Smpm)
pm = primitive mantle normalized
n= number of samples analyzed for (major-element analysis, trace-element and REE alalysis)
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son purposes. Felsic tuffs, from the hanging wall and foot-
wall, have much lower Zr/TiO2 averages (84 and 460) com-
pared to the rhyolite, and have similar Nb/Y ratios. Although
not analyzed for REEs, a sample of a quartz–feldspar-phyric
tuff from the hanging wall of the deposit also has very high
Zr/TiO2 (1512), similar to the subset of rhyolite described
above. The HFSE (e.g., Zr, Hf, Y, Nb, Ta) contents of all the
felsic-intermediate rocks are low to moderate, characteriz-
ing them as volcanic-arc to ocean-ridge-type rocks on com-
monly used HFSE diagrams (Figure 6). Primitive-mantle-
normalized plots for the felsic-intermediate rocks are char-
acterized by moderate to strong LREE enrichments (see the
LaN/SmN ratios in Table 3 and Figures 7 and 8), slight deple-
tions in MREE causing the slightly concave upward patterns
(refer to the GdN/LuN rations in Table 3 and Figures 7 and 8),
moderate overall REE fractionations, strongly negative Nb

and Ti anomalies, slightly negative Eu anomalies, and
approximately flat Zr and Hf. Most all of the felsic-interme-
diate rocks have very low Zr/Y and La/Yb ratios, similar to
published values for tholeiitic rocks (Barrett and MacLean,
1999; Table 3). The Sm/Nd isotopic composition analysis of
two samples of felsic tuff yielded gNd (498 Ma) values of
+2.99 and +3.02 (Table 4).

The mafic volcanics from Tulks Hill are characterized
by weak to moderately fractionated extended trace-element
plots, with values four to ten times that of primitive mantle
concentrations (Figure 9). Samples display a strong negative
Nb anomaly, a strong negative Ti anomaly in two of the four
samples, a slightly positive Eu anomaly, and negative Zr and
Hf anomalies. As such, the samples appear as two groups
with calc-alkaline basalt to island-arc tholeiite signatures.
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Figure 4. Alteration box plots of Large et al. (2001), with vectors for various alteration minerals and alteration versus dia-
genetic fields. CCP index = chlorite–carbonate–pyrite index. A) = Tulks East deposit, B) = Tulks Hill deposit, C) =
Boomerang deposit, D) Pats Pond group. AI= Hashimoto index = 100*[(MgO+K2O)/(MgO+K2O+Na2O+CaO)] (Ishikawa
et al., 1976), CCPI = chlorite–carbonate–pyrite index = 100*[(MgO+FeO)/(MgO+FeO+K2O+Na2O)] (Large et al., 2001).
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Figure 5. Nb/Y versus Zr/TiO2 rock type classification diagram (Winchester and Floyd, 1977). A) Tulks East deposit, B) Tulks
Hill deposit, C) Boomerang deposit, D) Pats Pond group. Pats Pond group chemistry from Rogers (2004) and Zagorevski et
al. (2007a).
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On a Ti-V discrimination diagram, the two mafic volcanic
samples, with the island-arc tholeiite signature, plot in the
same field, whereas those with calc-alkaline basalt signa-
tures contain very little V and plot toward the bottom of the

diagram (Figure 10), and on a Th-Zr-Nb plot (after Wood,
1980) all of the mafic volcanic samples plot in the arc-basalt
field.
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Figure 6. Yb versus Ta (Pearce et al., 1984) discrimination diagrams for the host felsic volcanic rocks of the three main VMS
deposits in the southern Tulks Volcanic Belt and the Pats Pond group. A) Tulks East deposit, B) Tulks Hill deposit, C)
Boomerang deposit, D) Pats Pond group. Pats Pond group chemistry from Rogers (2004) and Zagorevski et al. (2007a).
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Boomerang Deposit

Host rocks to the Boomerang deposit appear to form a
continuum from mafic through to felsic-intermediate com-

positions. However, the andesitic sills illustrated in Figure 5
have different chemical characteristics and may not be
genetically associated with the host rocks to the deposit. If
these are excluded, the data have a bimodal distribution. The
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Figure 7. Primitive-mantle-normalized trace-element plots for the southern Tulks Volcanic Belt and Pats Pond group felsic
tuff rocks. Note that in 7A to 7C, these rocks host the massive sulphide deposits. A). Tulks East deposit, B) Tulks Hill deposit,
C) Boomerang deposit, D) Pats Pond 4 (PP4), E) Pats Pond 6 (PP6). Pats Pond group chemistry from Rogers (2004) and
Zagorevski et al. (2007a). Primitive mantle values from Sun and McDonough (1989).
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felsic-intermediate rocks have much lower Zr/TiO2 ratios
than those associated with the Tulks Hill deposit, and more
closely resemble data from Tulks East (Figure 5). Felsic-
intermediate host rocks are dominated by quartz-phyric tuff

that have average Zr/TiO2 ratios of 152 and 156, and aver-
age Nb/Y ratios of 0.07 and 0.11 in the hanging wall and
footwall, respectively. Quartz–feldspar-phyric tuffs in the
hanging wall and footwall have very similar ratios, whereas

32

Figure 8. Primitive-mantle-normalized trace-element plots for other felsic to intermediate rocks from the southern Tulks Vol-
canic Belt and Pats Pond group. A). Tulks East deposit, B) Tulks Hill deposit, C) Boomerang deposit, D) Boomerang deposit,
E) Pats Pond 3 (PP3). Pats Pond group chemistry from Rogers (2004) and Zagorevski et al. (2007a). Primitive mantle values
from Sun and McDonough (1989).
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lapilli tuffs in the hanging wall, ash-rich tuffs, and felsic sills
have higher Zr/TiO2 ratios of 326, 489 and 233 respectively
(Table 3). The HFSE (Zr, Hf, Y, Nb, Ta) contents of all the
felsic-intermediate rocks are low to moderate, characteriz-
ing them as volcanic-arc to ocean-ridge type rocks on com-
monly used HFSE diagrams (Figure 6). Primitive-mantle-
normalized plots for the felsic-intermediate rocks are char-
acterized by weak to moderate LREE enrichments (refer to
the LaN/SmN ratios in Table 3 and Figures 7 and 8), flat
MREE patterns that have only very minor local depletions,
weak to moderate overall REE fractionation, weak to mod-
erate negative Nb and Ti anomalies, slightly negative Eu
anomalies, and prominent positive Zr and Hf anomalies for
the felsic-intermediate tuffs, lapilli tuffs, and some felsic
sills (Figures 7 and 8). Most of the felsic-intermediate rocks
have very low Zr/Y and La/Yb ratios, similar to published
values for tholeiitic rocks (Barrett and MacLean, 1999;
Table 3). The Sm/Nd isotopic composition analysis of four
samples of felsic-intermediate tuff from the Boomerang and
nearby Domino deposits yielded gNd (491 Ma) values from
+4.07 to +5.27 (Table 4).

The mafic volcanic rocks from Boomerang are charac-
terized by weak LREE-enriched to flat extended trace-ele-
ment plots, with values four to ten times that of primitive
mantle concentrations. These characteristics are very similar
to the profile for N-MORB (Figure 9). Samples display a
moderately positive Th anomaly and a moderately negative
Nb anomaly. As such, the samples have island-arc tholeiite
signatures. In contrast, samples of the andesitic sills have
much higher concentrations of HFSE and REE, display
higher degrees of REE fractionation, and have variably
moderate to strong negative Nb and Ti anomalies. These

features are suggestive of transitional calc-alkaline basalt to
island-arc tholeiite signatures (Figure 9). On a Ti-V dis-
crimination diagram, the mafic volcanic samples plot pre-
dominantly within the island-arc tholeiite field but are tran-
sitional into the MORB field, whereas the andesitic sills pre-
dominantly plot within the alkaline field (Figure 10), and on
a Th-Zr-Nb plot (after Wood, 1980) the mafic volcanics plot
predominantly in the arc-basalt field with one sample of the
andesitic sill plotting in the N-MORB field.

Pats Pond Group

As mentioned earlier, the Pats Pond group, as defined
by Zagorevski et al. (2007a), has been subdivided into six
stratigraphic subunits. For the purposes of this report, the
chemistry will be discussed based on rock type, consistent
with the previous descriptions of deposit geochemistry.

Felsic-intermediate rocks of the Pats Pond group are
hosted within the PP4 and PP6 subunits. Subunit PP4 con-
sists of quartz ± feldspar, felsic-intermediate tuffs, and is
characterized by relatively low Zr/TiO2 (139) and Nb/Y
(0.05) ratios, placing the samples in the subalkaline
andesitic field (Figure 5). The HFSE (Zr, Hf, Y, Nb, Ta) con-
tents of all the felsic-intermediate rocks are low to moderate,
characterizing them as volcanic-arc rocks on commonly
used HFSE diagrams (Figure 6). Primitive-mantle-normal-
ized plots for subunit PP4 are characterized by moderate
LREE enrichments (refer to the LaN/SmN ratios in Table 3
and Figures 7 and 8), moderate depletion of MREE, weak
overall REE fractionations, moderate to strong negative Nb
and Ti anomalies, slightly negative Eu anomalies, and neg-
ligible Zr and Hf anomalies (Figure 7). Subunit PP4 has low
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Table 4. Sm/Nd isotopic data

Model
eNd Age

Sample Deposit or Unit Sm Nd 147Sm/144Nd 143/144 Age 143/144 CHUR T(DM)
(measured) (measured) (Ma) initial (T)c ***DePaolo

JHC-06-022 Tulks East (TE-99-04) 1.30 4.32 0.1815 0.512737 498 0.512144905 2.90 1434.15
JHC-06-003 Tulks East (TE-94-01) 2.30 8.13 0.1707 0.512712 498 0.512155137 3.10 1171.48
JHC-06-057 Tulks Hill (T-192) 3.59 14.18 0.1529 0.512648 498 0.512149205 2.99 996.05
JHC-06-043 Tulks Hill (T-197) 4.92 19.21 0.1548 0.512656 498 0.512151007 3.02 1006.93
JHC-06-172 Domino (GA-97-05) 6.52 27.86 0.1416 0.512669 491 0.512213572 4.07 803.39
JHC-06-184 Domino (GA-97-05) 2.37 8.59 0.1669 0.512759 491 0.512222199 4.24 934.87
JHC-06-229 Boomerang (GA-04-11) 3.46 10.74 0.1949 0.512902 491 0.512275143 5.27 1137.49
JHC-06-236 Boomerang (GA-04-11) 2.48 9.39 0.1596 0.512786 491 0.512272678 5.22 743.80
VL02A246b PP6 2.87 11.22 0.1546 0.512701 488 0.512206803 3.86 892.49
VL02A221 PP4 0.85 3.12 0.1655 0.512777 488 0.51224796 4.66 855.56
VL02A128 PP4 0.63 2.17 0.1766 0.512854 488 0.512289477 5.47 799.11
VL02A202 PP1 2.68 10.14 0.1598 0.512493 488 0.51198218 -0.53 1547.64
VL02A026 PP1 3.30 13.04 0.153 0.512515 488 0.512025917 0.33 1322.16

** T DM = Nd depleted mantle model age - calculated using the Goldstein 143/144 0.513163; and 147/144 of 0.2137
calulated using present day chondritic uniform reservoir with 143Nd/144Nd = 0.512638 & 147Sm/144Nd = 0.1967 
***TDM Depaolo - calculated using the two stage evolution of Depaolo, 1981
(143/144) is adjusted from the deviation to JNdi-1 Standard (0.512115), mean measured value of the standard gives 0.512135 +- 9 (2sigma StdDev)
Pats Pond data (PP6, PP4, and PP1) from Zagorevski et al., 2007a.
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Figure 9. Primitive-mantle-normalized trace-element plots for mafic to intermediate volcanics of the southern Tulks Volcanic
Belt and Pats Pond group rocks. A) Tulks East deposit basalt and andesite, B) Tulks Hill deposit basaltic sills, C) Boomerang
deposit basaltic sills, D) Boomerang deposit andesitic sills, E) Pats Pond group (PP1)  basalt, F) PP2 mafic tuff and PP5
intermediate tuff. Pats Pond group chemistry from Rogers (2004) and Zagorevski et al. (2007a). Shown for comparison are
N-MORB, E-MORB and OIB. Primitive mantle values, and N-MORB, E-MORB and OIB values from Sun and McDonough
(1989). N-MORB = mid-ocean-ridge basalt, E-MORB = enriched mid-ocean-ridge basalt, OIB = ocean-island basalt.
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Figure 10. Ti-V (Shervais, 1982) discrimination plot for mafic rocks of the southern Tulks Volcanic Belt and Pats Pond group.
A) Tulks East deposit, B) Tulks Hill deposit, C) Boomerang deposit, D) Pats Pond group. Pats Pond group chemistry from
Rogers (2004) and Zagorevski et al. (2007a). BON = boninite, IAT = island-arc tholeiite, MORB = mid-ocean-ridge basalt,
BABB = back-arc-basin basalt.
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Zr/Y and La/Yb ratios, similar to published values for
tholeiitic rocks (Barrett and MacLean, 1999; Table 3). Two
Sm/Nd isotopic composition analysis yielded gNd (487 Ma)
values of +4.7 and +5.5 (Table 4).

Subunit PP6 consists of high-silica trondhjemitic rhyo-
lite. Compared to subunit PP4, it displays much higher
Zr/TiO2 ratios with similar Nb/Y (Figure 5). The HFSE (Zr,
Hf, Y, Nb, Ta) contents of these rocks are low to moderate,
plotting on the boundary of volcanic-arc and ocean-ridge-
type rocks on commonly used HFSE diagrams (Figure 6).
Primitive-mantle-normalized plots for subunit PP6 are char-
acterized by moderate LREE enrichments (refer to the
LaN/SmN ratios in Table 3 and Figure 7), moderate depletion
of MREE, weak overall REE fractionations, moderate to
strong negative Nb and Ti anomalies, negative Eu anom-
alies, and prominent positive Zr and Hf anomalies (Figure
7). A Sm/Nd isotopic composition analysis yielded gNd (487
Ma) of +3.86 (Table 4).

Intermediate andesitic tuff comprises subunit PP3 and a
sample from this unit was used to date the Pats Pond group
(Zagorevski et al., 2007a). These rocks consist of feldspar ±
quartz, felsic-intermediate tuffs and have very similar chem-
ical characteristics to subunit PP4 (see Figures 7 and 8).

Mafic to intermediate volcanic rocks of the Pats Pond
group consist of subunits PP1, PP2 and PP5 of Zagorevski
et al. (2007a). Subunit PP1 consists of transitional calc-alka-
line basaltic andesite to island-arc tholeiite where the mafic
volcanic rocks have strong, enriched LREE's, strong Th
enrichment, prominent negative Nb anomalies, slight nega-
tive Ti anomalies, and negative Zr and Hf anomalies (Figure
9). Andesitic sills have much higher concentrations of HFSE
and REE, display higher degrees of REE fractionation, and
have variably moderate to strong negative Nb and Ti anom-
alies; suggestive of transitional calc-alkaline basalt to
island-arc tholeiite signatures. On a Ti-V discrimination dia-
gram, the mafic volcanic samples plot predominantly with-
in the island-arc tholeiite field (Figure 10), and on a Th-Zr-
Nb plot (after Wood, 1980) the mafic volcanics all plot in
the arc-basalt field. The Sm/Nd isotopic composition analy-
sis of two samples of subunit PP1 yielded gNd (487 Ma) val-
ues from +0.33 to -0.53 (Table 4).

Subunit PP2 consists of calc-alkaline basalt and mafic
tuffs. This subunit displays very similar chemistry to the
PP1 rocks, with the exception that it has overall lower abun-
dances of HFSE and REE and it lacks the negative Ti anom-
aly (Figure 9). Subunit PP5 consists of an intermediate to
mafic tuff and has chemical characteristics very similar to
the mafic volcanic rocks of the Boomerang deposit. This
unit has fairly flat to weak depleted LREE, with overall flat
extended trace-element patterns, and values two to three
times that of primitive mantle concentrations. The chemical

profile parallels that for N-MORB; although with lower ele-
ment concentrations. The unit displays a moderately posi-
tive Th anomaly and a moderately negative Nb anomaly, and
as such has an island-arc tholeiite signature.

DISCUSSION

This study was begun to attempt to decipher lithologi-
cal packages that host VMS mineralization in the southern
Tulks Volcanic Belt, in hopes of aiding exploration. The
U–Pb geochronological data and geochemical data present-
ed in this paper lead to five main conclusions. First, the new
U–Pb results show that the volcanic rocks included within
the TVB actually include felsic rock sequences of at least
two ages, i.e., 498 +6/-4 Ma and 491 ± 3 Ma. As a first-order
conclusion, this supports the proposal that the southern
Tulks Belt is composed of westward-younging volcanic
rocks (e.g., van Staal et al., 2005; Zagorevski et al., 2007a).
However, the ages from Tulks Hill and Boomerang deposits
overlap in error at their respective lower and upper limits, so
the results do not preclude an interpretation, in which there
is a continuum of volcanism over several million years,
rather than having discrete sequences. Second, the ages
from both Boomerang and Tulks Hill deposits constrain the
timing of VMS mineralization and suggest that there was
more than one mineralization event in this area. This is par-
ticularly true if we assume the age on the porphyry at Tulks
Hill represents a minimum age for mineralization. Third,
that the age from the felsic sill at the Boomerang deposit is
identical to the host sequence confirms that bimodal volcan-
ism was synchronous with mineralization, as previously
proposed by Hinchey (2006) based on textural relationships.
Fourth, zircon inheritance from the Boomerang deposit sam-
ples suggest that, in part, these rocks developed on a sub-
strate of older (Cambrian) rocks possibly equivalent to other
parts of the VLSG, such as the Tally Pond group (e.g.,
McNicoll et al., 2008; cf. Zagorevski et al., 2007a). Finally,
the variations in the felsic and mafic rock types and their
geochemical and isotopic signatures, suggest that these
sequences probably developed in a complex environment of
episodic arc development and rifting. These five points are
discussed in more detail below.

AGES OF VOLCANISM AND MINERALIZATION

The identical ages of 491 ± 3 Ma obtained for the felsic
tuff that hosts the massive-sulphide mineralization at
Boomerang, and a crosscutting felsic dyke, closely constrain
the timing of mineralization. The age is younger than the
498 +6/-4 Ma age obtained on a subvolcanic porphyry at the
Tulks Hill deposit (Evans et al., 1990), although their error
envelopes do overlap at their respective older and younger
limits. If the revised age of 496.5 ± 1 Ma for Tulks Hill is
used (G.R. Dunning, personal communication, 2008), there
is no overlap between these ages.
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The age of 491 ± 3 Ma obtained for the Boomerang
deposit is slightly older than the 487 ± 3 Ma age reported for
the Pats Pond group (Zagorevski et al., 2007a). However,
these ages overlap extensively at their older and younger
limits, respectively.

There is no simple interpretation of these data, but the
closer correspondence of the ages from the Boomerang
deposit and the Pats Pond group suggests that a link between
these sequences is more likely than a link between
Boomerang and the Tulks deposits. The alternative interpre-
tation is that all of these subdivisions of the VLSG represent
nothing more than a long-lived period of volcanism and sed-
imentation that extended from ca. 498 to ca. 487 Ma, a peri-
od of some 11 Ma.

The identical ages obtained for the felsic dyke and the
volcaniclastic felsic host tuff at the Boomerang deposit have
implications for the environment of VMS mineralization.
The presence of such synchronous sills, both felsic and
mafic, is characteristic of high-temperature extensional
regimes such as those found in rifted-arc environments. The
high heat flow in such settings leads to the formation of
hydrothermal convection cells and VMS-style mineraliza-
tion at or below the seafloor (e.g., Franklin et al., 2005; Gal-
ley et al., 2007). A rifted-arc environment is also favoured
by the variable chemical signatures of the felsic and mafic
rocks at Boomerang, as discussed below.

ZIRCON INHERITANCE PATTERNS

The SHRIMP data presented herein indicate zircon
inheritance of ca. 510 and 514 Ma from the felsic sill sam-
ple and inheritance of ca. 530 Ma from the felsic tuff sam-
ple. The inheritance ages from the felsic sill are similar to
the crystallization ages of volcanic rocks previously dated at
the Duck Pond deposit, within the Tally Pond group (McNi-
coll et al., 2008, and references therein). These data suggest
that the host rocks to the Boomerang deposit formed on a
substrate represented by these older rocks, rather than being
juxtaposed at a later time. The ca. 530-Ma inherited zircon
from the felsic tuff could represent an older volcanic source.
Zagorevski (2007a) documented inheritance of ca. 560 Ma
from the Pats Pond group, and Squires and Moore (2004)
and McNicoll et al. (2008) documented inheritance of ca.
565 Ma and 573 Ma zircons within felsic rocks of the Tally
Pond group, suggesting that these rocks were built on a Pre-
cambrian substrate. The development of the VLSG thus
appears to have been a sequential process of arc magmatism,
in which arcs were built on older continental basement,
rather than in an ensimatic environment (cf. Rogers et al.,
2006 and Zagorevski et al., 2007a).

LITHOGEOCHEMICAL PATTERNS

The detailed geochemistry provided in this report pro-
vides information on the tectonic settings of felsic and mafic
rocks associated with VMS mineral deposits and also allows
comparison of these host sequences.

The relatively low HFSE and REE concentrations of the
rocks, coupled with the ubiquitous, yet variably developed,
negative Nb and Ti anomalies on primitive-mantle-normal-
ized, extended trace-element plots for the felsic and inter-
mediate rocks are diagnostic of formation in an arc environ-
ment (e.g., Pearce and Peate, 1995). In light of the zircon
inheritance, it could be argued that the negative Nb and Ti
anomalies in the felsic rocks could be due to re-melting of
older crustal source material with arc parentage. However,
the synchronous mafic rocks of calc-alkaline and island-arc
tholeiitic affinity suggests overall development in an arc
environment.

A comparison of the felsic-intermediate host rocks from
the four areas illustrates some subtle but potentially impor-
tant differences. First, rhyolites from the Tulks Hill deposit
have elevated Zr/TiO2 ratios compared to the rocks from
other areas. However, in this case, the variation in the
Zr/TiO2 ratios is predominantly related to lower TiO2 rather
than variation in HFSE concentrations, and this pattern is
most likely indicative of greater fractionation in the Tulks
Hill deposit rhyolites. It should be noted that the felsic tuffs
from the Tulks Hill deposit have Zr/TiO2 ratios similar to
those of felsic tuffs and rhyolites from other areas.

Additional chemical variations in the felsic-intermedi-
ate volcanic rocks occur in the degree of LREE enrichment
and the extent of the negative Nb and Ti anomalies, which
appear to be correlated. Tulks Hill deposit samples appear to
have greater LREE enrichment and larger and more pro-
nounced negative Nb and Ti anomalies compared to the
Boomerang deposit samples, whereas the Tulks East deposit
samples have similar LREE enrichment and similar, but
slightly larger, overall Nb and Ti anomalies. The Boomerang
felsic-intermediate rocks have extended trace-element pat-
terns similar to the PP4 grouping from the Pats Pond group,
and positive Zr and Hf anomalies similar to the PP6 group-
ing. The mafic volcanic rocks throughout the belt vary from
transitional calc-alkaline basalts to island-arc tholeiites at
Tulks Hill, Boomerang and in the Pats Pond group. This
conclusion is dependant upon the assumption that the
andesitic sills at the Boomerang deposit are the same age as
the other volcanic rocks. In contrast, the mafic volcanic
rocks at Tulks East deposit and true mafic sills at the
Boomerang deposit are characterized by island-arc tholeiitic
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signatures. The mixtures of calc-alkaline and tholeiitic
sequences are best explained by the progressive rifting of
predominantly calc-alkaline arcs (cf. Zagorevski et al.,
2007a). The variations in the chemistry of felsic and inter-
mediate rocks may also reflect this general process.

The last chemical variation that is observed between the
four areas is differences in gNd of the felsic rocks. The
Boomerang deposit and Pats Pond group felsic-intermediate
samples have higher gNd (+4 to +5.5) compared to those
from the Tulks Hill and Tulks East deposits (gNd of around
+3). Although there is no easy interpretation of these data,
the apparent bimodal grouping suggests that the Boomerang
area is more similar to the Pats Pond group than either the
Tulks Hill or Tulks East deposits. However, it should be
noted that felsic-intermediate rocks similar to those that host
the Tulks Hill and Tulks East deposits locally contain eNd
signatures of around +4 to +5.0 (e.g., Rogers, 2004;
Hinchey, J. unpublished data) adding to the ambiguity of
such data.

CONCLUSIONS

New U–Pb zircon data, isotopic data, and geochemical
data from volcanic rocks in the southern TVB of the VLSG
are not simple to interpret. In conjunction with previous
data, the results suggest that VMS mineralization at the
Boomerang deposit is resolvably younger than that at the
Tulks Hill deposit. However, the ages are closer to those
obtained elsewhere in that part of the unit defined as the Pats
Pond group. Subtle lithogeochemical variations, and higher
gNd signatures for felsic-intermediate samples from the
Boomerang deposit and the Pats Pond group also appear to
support this correlation. Inherited zircon of ca. 530–510 Ma
suggests that the host rocks at Boomerang were deposited
upon a substrate of older rocks including material of similar
age to the Tally Pond group and, perhaps, also Precambrian
basement. 

Follow-up research, including additional lithogeochem-
ical, isotopic and geochronological studies, has been initiat-
ed to characterize the host rocks to VMS deposits in the
northern part of the TVB. Results will hopefully aid in fur-
ther unravelling the complexities in the TVB.
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