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TGI 4 – Intrusion Related Mineralisation 

TGI 4 – Intrusion Related Mineralisation Project: 
A synthesis 

Neil Rogers 

Geological Survey of Canada, 601 Booth St., Ottawa, Ontario 
 
Abstract: The Targeted Geoscience Initiative 4 (TGI 4) was a 2010-15 Government of Canada research program to 
conduct thematic, knowledge-driven ore systems studies aimed at assisting in the discovery of future resources 
through more effective targeting of buried mineral deposits. 
Intrusion related (e.g., porphyry) deposits are the world’s most important sources for Cu, Mo, W and Sn, as well as 
being a major contributor of Au, Ag, and PGEs. Porphyry deposits are typically large, low- to medium-grade deposits 
in which mineralisation is hosted within and immediately surrounding distinctive intrusive phases within larger intru-
sive complexes that commonly have prolonged emplacement histories. To develop more effective exploration criteria 
to identify and evaluate deeply buried and/or hidden fertile intrusive mineralising systems, studies into Cu-Mo/Au 
and W-Mo-Sn systems are aimed at answering the following questions: i) are there distinctive proximal and distal 
footprints for deposit types that will allow identification of, and vectoring towards hidden economically viable depos-
its?; and ii) what are the triggering conditions and indicators of an hydrothermal-magmatic system of size and dura-
tion sufficient to develop a large porphyry deposit? To help answer these questions studies are being undertaken at 
sites associated with the Triassic-Jurassic porphyry deposits of the British Columbia interior and for the array of min-
eralised Devonian intrusions developed in the Canadian Appalachians. 
A common problem facing Cordilleran and Appalachian exploration is how to detect intrusion-related mineralization 
through the extensive glacial sediment cover. Consequently, research activities are focussing at identifying key geo-
chemical and mineral indicators in till near known mineralisation and their detrital dispersal down-ice. Indicators are 
being developed for the detection of mineralisation, but also the alteration halos and vein systems associated with 
mineralization, which represent much larger exploration targets than the actual economic orebody itself. Once identi-
fied in till, these indicators can be traced to their bedrock source using reconstructed ice movement vectors. 
Structural relationships indicate that Sn-W-Mo mineralised intrusive systems can form due to extension associated 
with far removed non-orthogonal accretion. Deposits within these bodies form along fluid pathways such as the inter-
section of high-angle syntectonic breaks. Mineral potential can also be resolved through trace element fingerprinting. 
Subtle compositional changes in commonly occurring minerals (i.e., biotite) and fluid inclusions provide evidence of 
chemical variations related to magma fertility and vectors to mineralisation. 

Introduction 
The Targeted Geoscience Initiative 4 (TGI 4) was a five year 

(2010-15) collaborative research program instigated by the Govern-
ment of Canada to develop geoscience knowledge to support en-
hanced effectiveness of deep exploration. The underlying objectives 
of the program are to: 1) develop more robust measures of whether a 
geological system may contain deeply buried ore in order to reduce 
exploration risk; 2) develop new geoscience knowledge and innova-
tive techniques to model and detect Canada’s major mineral systems; 
and 3) train and mentor students to increase the number of highly-
qualified personnel available to the mineral industry. To achieve these 
objectives the program was constructed to conduct thematic research 
that was targeted at resolving specific geoscientific problems that 
inhibit development of effective mineral exploration programs, as 
opposed to providing additional data to known mineral districts. The 
intension being that the resulting exploration models will be exporta-
ble to new regions and thus facilitate the discovery of the next genera-
tion of mineral deposits. In particular that these models will help in 
the discovery of deeply buried and/or hidden ore (whether it be by a 

thick sequence of country-rock or a thin veneer of surficial materials) 
that have defied identification using standard exploration methods. 

Research themes within TGI 4 were constructed within “ore sys-
tems”, which is an approach that focuses of the processes of ore for-
mation, as opposed to the characteristics of specific deposits. The ore 
system concept is broken down into four parts, namely what terrane to 
look in, where to look in a terrane, vectors towards ore and detection 
methods (Fig. 1). The principal questions when determining what 
terrane to look in are related to tectonic setting and temporal extent, 
and may include: 
 What are the optimal tectonic settings for a particular deposit 

type? 
 How do we recognise these settings? 
 Is this deposit type unique to one location and/or time period? 

For the second part of where in a terrane to look, then questions 
are based around lithologic and structural controls, such as: 

 Are there optimal rock associations for a particular ore environ-
ment? 
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 Are there regional-scale structural controls that focus the ore sys-
tem? 
 The third part of the ore system concept is related to vectoring 

towards ore, which breaks down the individual component parts of 
how an ore deposit is formed. These aspects are examined to deter-
mine whether there are distinctive features that can characterise the 
potential of or provide directional information to ore. In general the 
component parts for ore development are as follows: 
 Extraction from source – What is the energy driving the system? 

What are the sources of metals and fluids? 
 Migration to trap – How are fluids focussed? What is the nature 

and extent of fluid pathways? 
 Formation of trap – What is the trapping mechanism for ore flu-

ids? Under what conditions do these traps form? 
 Deposition of metal – What conditions are necessary for metal 

precipitation? Are multiple events required to develop ore grade 
materials? 

 Secondary processes – Is post-deposition remobilisation of ore 
essential in forming economically significant deposits? 
The final part of the ore system concept relates to detection meth-

ods and techniques, which looks at how improved knowledge on con-
trols of mineralisation can be adapted into enhanced exploration tools 
and models. 

Intrusion related ore system 
The term intrusion related ore system is somewhat of a misnomer 

as it includes two distinct deposit types and does not include all ores 
generated by intrusive processes. The deposit types under investiga-
tion are Cu- and Cu-Mo(-Au) porphyries and post-accretionary granit-
oid Sn-W-Mo-In deposits. Although these types of mineral deposit 
form in different tectonic environments and are associated with unre-
lated varieties of granitoid intrusive rocks, they do share common 
traits within the mechanisms associated with ore formation that corre-
spond to a single ore system. In a broad sense the common mechanism 
can be considered as porphyry-style mineralisation, which can be 
generally envisioned as hydrothermal system driven by intrusive mag-
matism where the ore metals are temporally and genetically related to 
the intrusion. Detailed descriptions of porphyry-style mineralisation 
processes are provided by Sinclair (2007), Sillitoe (2010) and Rich-
ards (2011). 

The empirical model for porphyry-style mineralisation described 
by Sinclair (2007) consists of large, low- to medium-grade deposits 
that are formed in response to extensive, polyphase magmatic-
hydrothermal systems developed within and above genetically-related 
intrusions. Meteoric fluids play a major role in this generic model, as 
they are typically considered to be largely responsible, though not 
essential in all cases, for features such as phreatic brecciation that can 
provide a trap for ore and large-scale alteration (i.e., sericitic altera-
tion) halos (see Sillitoe (2010) and references therein). A modification 
of the general model has been referred to as the “orthomagmatic” 
model (Burnham, 1967, 1979; Phillips, 1973; Whitney, 1975, 1984; 
Sinclair, 2007) where crystallisation produces a volatile phase that 
transports and concentrates ore metals toward the carapace of the 
magma chamber (Christiansen et al., 1983; Candela and Holland, 
1986; Manning and Pichavant, 1988; Candela, 1989; Cline and Bod-
nar, 1991; Heinrich et al., 1992). The induced fluid pressure may re-
sult in fracturing and rapid escape of the ore bearing fluids into the 
space provided. The sudden drop in pressure following fracturing 
causing adiabatic cooling of the fluid phase, which in turn can result 
in ore precipitation. An addendum to this model has the magmatic 
processes related to volatile phase generation and transport/
concentration of ore metals causing the upper reaches of a magma 
chamber to remain largely liquid through-out much of the ore forming 
process (Shannon et al., 1982; Carten et al., 1988; Kirkham and Sin-
clair, 1988; Shinohara et al., 1995; Sinclair, 2007). 

Porphyry-style mineralisation constitutes the world’s most im-
portant source for Cu, Mo, W and Sn, as well as representing a major 
supplier of Au, Ag, and PGEs. Porphyry deposits are typically large 
generally ranging in size from tens of millions to billions of tonnes of 
ore (Sinclair, 2007). The grades for economic metals are highly varia-
ble between specific deposit types, but are typically low- to medium-
grade with ore constituting less than one percent of the mineralised 
rock (Sinclair, 2007). Porphyry-style mineralisation occurs throughout 
the world in association with relatively narrow orogenic belts. In Can-
ada the primary terranes correspond to the Triassic and younger oro-
gens of Western Canada (porphyry Cu and Cu-Mo/Au deposits), De-
vonian sequences of the Canadian Appalachians (Sn-W-Mo-In depos-
its) and the Archean Superior Provence (porphyry Au). For this pro-
ject activities have been focussed on the Gibraltar, Highland Valley, 
Mount Polley and Woodjam deposits of south-central British Colum-
bia (Fig. 2; Plouffe and Ferbey, 2015) and in the Canadian Appalachi-
ans the Acadian Plutonic Suite (central New Brunswick), South 
Mountain Batholith (Nova Scotia) and Connaigre Peninsula 
(Newfoundland and Labrador) (Fig. 3; Goeddeke et al., 2015; McCle-
naghan et al., 2015; Rogers et al., 2015a, b; Tweedale et al., 2015; van 
Staal et al., 2015). Archean porphyry Au deposits were investigated 
under the auspices of the TGI 4 – Gold project (e.g., De Souza et al., 
2014; Gao et al., 2014; Katz et al., 2015). 

Sillitoe (2010) argued that porphyry Cu deposits are amongst the 
most studied and best understood ore deposit type that have enabled 
advanced exploration programs to be applied (e.g., Kelley et al., 2006; 
Holliday and Cooke, 2007). Whereas he identified a number of out-
standing issues requiring resolution to fully understand the formation 
and distribution of porphyry Cu deposits, the overall arc tectonic set-
ting (both continental and mature island arc) are well established (e.g., 
Richards, 2009, 2011). The tectonic setting for post-accretionary Sn-
W-Mo-In deposits are far less constrained with several distinct tecton-
ic processes identified as possibly causing such deposits (Richards, 
2011), none of which definitively explain the temporal and spatial 
distribution of such Canadian Appalachian deposits (cf. van Staal et 
al., 2009, 2014, 2015; Rogers et al., 2014, 2015a, b). 

Figure 1 – Ore system conceptual model. 
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Figure 2 – Simplified bedrock geology map of south-central BC highlighting the location of the Gibraltar, Highland Valley, Mount Polley and 
Woodjam deposits. Bedrock geology modified after Massey et al. (2005), Erdmer and Cui (2009) and Logan et al. (2010).  
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Given the objectives behind TGI 4 (above) and the relative 
knowledge bases for the two types of porphyry-style mineralisation 
under investigation, activities supported within this project were de-
signed to advance effective exploration for hidden deposits. To that 
end a hierarchical series of hypotheses were developed for testing 
(Table 1) that if resolved could reasonably be expected to facilitate 
advanced exploration models. Within the ore system concept this hy-
pothesis testing largely focussed studies on the source control/system 
fertility (i.e., distribution and setting of mineralisation) for the post-
accretionary deposits across the Canadian Appalachians and on en-
hanced methods for detecting/vectoring towards buried porphyry de-
posits (both south-central BC porphyry Cu and Cu-Mo/Au deposits 
and Appalachian post-accretionary Sn-W-Mo-In deposits). It should 
be noted that polymetallic, post-accretionary deposits also formed in 
association with the Western Canadian orogens, and likewise 
porphyry Cu mineralisation is present within Canadian Appalachian 
terranes. Although activities were not directed at examples of these 
specific types of mineralisation within these particular regions, the 
thematic nature of the ore system concept should enable resulting 
exploration models to be applicable and exportable to other domains. 

Advancements to the intrusion related ore system 
Structural and tectonic controls on porphyry-style miner-
alisation 

Studies related to the structural and tectonic controls on porphyry-
style mineralisation were primarily aimed at testing the primary hy-
pothesis that “tectonic setting, crustal structures and source composi-
tion dictate type, metal budget and where porphyry style mineralisa-
tion occurs and thus can predict buried/hidden systems” (Table 1). In 
the ore system model this relates to helping resolve which terranes are 
the most prospective and where within these terranes exploration 
should be focussed. 

Spatial and temporal relationships for post-accretionary Sn-W-
Mo-In deposits 

Although the multiple Palaeozoic accretionary orogens that consti-
tute the Canadian Appalachian resulted in voluminous and widely 
distributed granitoid magmatism, the bodies that host porphyry-style 
mineralisation are spatially and temporally restricted (Fig. 3; Kellett et 
al., 2014; Rogers et al., 2014). These spatial and temporal restrictions 
closely correspond with pre-existing structures and far removed accre-
tionary orogenic events that the standard tectonic models for post-
accretionary polymetallic porphyry development do not readily pre-
dict (Rogers et al., 2014). Consequently, a modified tectonic model 
was proposed that incorporates magma genesis with external orogenic 
accretionary processes. The first requirement for this model is for the 
region to have been through at least one orogenic cycle in order to 
prepare the crust (concentrate ore metals) prior to melting and magma 
genesis. Crustal melting in the hinterland to an active accretionary 
margin is subsequently induced in response to non-orthogonal colli-
sion causing stress within the upper plate that is dissipated through 
reactivation of suitably orientated crustal breaks (faults). Depending 
on the orientation of the accretionary margin, particularly where em-
bayments and promontories are involved, transpressive shear may 
require crustal scale translational jog to accommodate strain. Such 
effects can be manifested by crustal thinning and localised extensional 
basin development such as within the Connaigre Peninsula (Rogers et 
al., 2015a; van Staal et al., 2015). In this modified model associated 
pressure and temperature (P-T) transitions in the lower crust, along 
with potential asthenospheric upwelling, are the drivers for crustal 
melting, as per standard models for post-collisional granitoid genesis 
(cf. Richards, 2011). The difference being that the temporal and spa-
tial distributions of mineralised intrusions are explained, and thus the 
potential prospectivity of a region can be assessed by analysis of the 
regional tectonic framework. 

At a more local scale a spatial association is noted between miner-
alisation and syn-magmatic faults or lineaments (along which only 

Table 1 – Hierarchical hypotheses tested within the TGI 4 - Intrusion Related Mineralisation Project 
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minor displacements are present) that intersect at a high angle (Rogers 
et al., 2014, 2015a, b). The implication is that the intersecting struc-
tures provide convenient pathways for ore-bearing fluids, and that 
motion along them can cause rapid P-T changes which result in ore 
precipitation due to adiabatic cooling. Essential components of this 
model are that the syn-magmatic breaks (minor faults, lineaments or 
well developed joints) be orientated in the extensional field and that 
associated displacements are minor to facilitate protracted mineralisa-
tion/increased ore grade. 

Further constraints on the distribution of mineralisation were in-
vestigated on the Connaigre Peninsula, south-central Newfoundland 
(Rogers et al., 2015a; van Staal et al., 2015). This area contains two 
post-accretionary plutons that were emplaced in the ca. 380 Ma period 
that corresponds with most of the polymetallic granitoid mineralisa-
tion known in Newfoundland (Tuach et al., 1986; Kerr et al., 1993, 
1995; Lynch et al., 2009, 2012; Kerr and McNicoll, 2012; Kellett et 
al., 2014; Kerr, 2014) and where one body hosts several well-
developed ore deposits and the other one apparently largely barren 
(O’Brien et al., 1995; O’Brien, 1998; Rogers et al., 2015a). Although 
the “barren” intrusion is petrographically distinctive, Rogers et al. 
(2015a) suggest that the primary factor influencing apparent mineral 
potential is depth of intrusion. In this case the body that does not con-
tain significant known Mo mineralisation was mostly emplaced virtu-
ally at the surface. Notably minor mineralisation does occur within 
this granite, but its distribution is limited to marginal sections were the 
emplacement depth (based on the relative stratigraphic position of 
country-rock) corresponds to the emplacement depth of the adjacent 
intrusion that hosts multiple ore bodies. The underlying mechanism 
for this emplacement depth – mineralisation association is interpreted 
to be related to ore-bearing fluids transgressing a P-T threshold as 
they migrate upwards, at which point ore minerals are precipitated. 
The observed spatial association of fluorite with the Mo deposits sug-
gests that ore metals were mostly transported intimately associated 
with F, either HF complex or redox buffer. Consequently, where P-T 
conditions are met for fluorite precipitation, ore metals also likely to 
come out of solution. 

Another implication of the above model is that intrusive bodies 
that evolve by distinct pulses of magma being emplaced at different 
levels (cf. Vry et al., 2010) can develop zones of mineralisation well 
within the main granite body in response to changing P-T conditions 
over time, as opposed to the standard interpretations where ores are 
restricted towards the top of a pluton (e.g., Tuach et al., 1986). Fur-
thermore, were ore-bearing fluids are transporting metals derived from 
younger pulses of magma into older granitoid phases, then it is unnec-
essary for the host granitic rock to be in chemical equilibrium or di-
rectly genetically related to ore. An example of this situation is devel-
oped within the Acadian Plutonic Suite, central New Brunswick, 
where the Tin Hill deposit occurs within the Buttermilk Cupola 
(Rogers et al., 2015b). However, the mineralisation at this site occurs 
within thick quartz veins that are effectively macroscopic tension 
gashes accommodating regional strain and competency differences 
between the granite and adjacent Cambrian to Ordovician clastic sedi-
mentary rocks. Thus, although Sn-W mineralisation is developed 
within a granitic cupola, this is not an example of idealised orthomag-
matic porphyry-style mineralisation (e.g., Sinclair, 2007) as the ore 
metals are derived from a buried, younger intrusion that is responsible 
for numerous exogranitic (intrusion related mineralisation not hosted 
by granitoid rocks) deposits (e.g., Burnt Hill Mine and Two and a Half 
Mile Brook deposit) within the same structural trend (Rogers et al., 
2014, 2015b). 

Timing of Cu-Mo mineralisation the Gibraltar Mine, BC 
The Gibraltar Mine is one of British Columbia’s largest Cu-Mo 

deposits (Oliver et al., 2009; Anderson et al., 2012). The six ore zones 
which make up the deposit are hosted by the composite, peraluminous 
Late Triassic Granite Mountain batholith (Fig. 2; Drummond et al., 
1973; Bysouth et al., 1995; Ash et al., 1999a, b; Ash, 2001; Oliver et 
al., 2009; Schiarizza, 2015). There has been a longstanding debate on 
the nature of mineralisation at the Gibraltar Mine as the hosting Gran-
ite Lake batholith had been interpreted as a part of the Cache Creek 
terrane (Drummond et al., 1973; Bysouth et al., 1995), in contrast to 
other Triassic to Jurassic granitoid associated Cu-Mo deposits of south
-central BC that form part of the Quesnel terrane (Logan et al., 2010; 
Nelson et al., 2013). Ash et al. (1999a, b) presented an alternate inter-
pretation that the Granite Mountain batholith was indeed formed with-
in the Quesnel terrane, but was subsequently (inferred as 20 to 30 m.y. 
after magmatism) juxtaposed by faulting into Cache Creek terrane. 
Their interpretation was that the structures observed within the Gran-
ite Mountain batholith, and associated with ore distribution in the 
Gibraltar Mine (Fig. 4), were formed by tectonic displacement and 
thus mineralisation would be unrelated to granite formation (i.e., not a 
porphyry Cu-Mo deposit). To this end Ash et al. (1999b) stated that 
for the “cataclastic and mylonitic shear fabrics characterised by retro-
grade greenschist grade metamorphic assemblages occurred during 
crystallisation of a magma body is difficult to rationalise”, as opposed 
to the “porphyry with a difference” description of Sutherland Brown 
(1974). 

To test which interpretation of the Cu-Mo mineralisation is correct 
Re-Os molybdenum age dates from within the Gibraltar Mine were 
obtained that gave the timing of mineralisation as 215.0 ± 1.0, 212.7 ± 
0.9 and 210.1 ± 0.9 Ma (R.G. Anderson, pers. comm., 2012). These 
ages for the mineralisation are consistent with various crystallisation 
ages determined for the Granite Lake batholith (217 ± 0.20 Ma – U-Pb 
zircon TIMS, R. Friedman reported in Schiarizza, 2015; 215 ± 0.8, 
212 ± 0.4 Ma – U-Pb zircon(?) reported in Ash and Riveros, 2001; 
211.9 ± 4.3, 209.6 ± 6.3 Ma – laser ablation ICP-MS U-Pb zircon, 
Olivier et al. 2009). Notably these dates are also broadly consistent 
with those observed for the Guichon Creek batholith that hosts the 
Highland Valley Cu-Mo porphyry deposits (Fig. 2; McMillan, 1985; 
McMillan et al., 2009; B. Davis, pers. comm., 2011). These data 

Figure 4 – Syn-magmatic ductile deformation of ore rocks within the  
Gibraltar Mine, BC. 
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strongly suggest that the mineralisation is syn-magmatic (and by ex-
tension so is the deformation, as mineralisation is distributed along 
both pervasive ductile and later brittle structures), hence this is a 
porphyry Cu-Mo deposit. It also suggests a genetic correlation be-
tween the Gibraltar and Highland Valley deposits. Subsequent map-
ping (Schiarizza, 2015) has determined that the Granite Mountain 
batholith does intrude Nicola Group rocks and therefore was emplaced 
within the Quesnel terrane. 

Although the terrane identification for the Gibraltar deposit is 
important regionally, in the ore system context the recognition of the 
extent of syn-magmatic deformation that is possible within a porphyry 
system is of primary importance. These rocks suggest a variation from 
the standard model for porphyry development is possible whereby a 
relatively long-lived intrusion can source and transport ore fluid from 
younger magma phases to older phases that are variably solidified. 
Concurrent with this, stress can induce pervasive syn-magmatic duc-
tile deformation in portions of the intrusive body that have not crystal-
lised completely and so plastically deform (i.e., act as “soft solid”). As 
crystallisation continues these phases within the pluton become more 
rigid and if mineralising fluids are still being produced by deeper and 
younger magmatic phases then ores are liable to be developed along 
brittle fractures. 

Granitoid ore fertility indicators and vectors to minerali-
sation 

The following studies have focussed on developing new method-
ologies to chemically test the mineral potential (fertility) and/or divine 
chemical gradients to (vector towards) mineralisation. In the ore sys-
tem concept these relate to resolving if there are distinctive chemical 
markers that indicate that substantive mineralising processes have 
occurred within an intrusive body, and if so are there directional indi-
cators to an ore body. The standard model for porphyry systems incor-
porate ore metals being redistributed from a magmatic source and 
deposited/concentrated elsewhere whether it is within the granitic 
body (endogranitic) or external to it (exogranitic). Hence, except for 
circumstances where mineralisation is associated with intense metaso-
matic alteration, there is no guarantee that the ore component of the 
system would be in chemical equilibrium to the host (endogranitic) or 
nearest (exogranitic) granitoid rock. Consequently focus has been on 
direct measurements of fluid evolution through fluid inclusion decrep-
itation (Tweedale et al., 2015) or on mineral phases that have low 
closure temperatures and so act as a proxy for magmatic evolution 
(Azadbakht, 2015a, b, c). A related study has also been conducted 
specifically aimed at helping resolve the distinct characteristics that 
control indium content within certain polymetallic post-accretionary 
granitoid mineralisation (Goeddeke et al., 2015). 

Fluid inclusion utility as a mineral fertility indicator and/or 
vector to ore 

The inherent hydrothermal nature of porphyry-style mineralization 
means it is only reasonable to expect that a geochemical fingerprint of 
the mineralizing fluids might be preserved both petrographically and 
as secondary fluid inclusions in the associated intrusive bodies on a 
scale equal to or larger than the mineralized zones. A commonly ap-
plied technique to investigate fluid inclusion chemistry is microther-
mometry based on freezing and homogenisation temperature to deter-
mine fluid inclusion salinity. However, this technique reports results 
qualitatively as NaCl equivalent concentration which does not account 
for other cation and anion solutes that may be significant in porphyry-
style mineralising systems. An alternative technique of crush-leach 
fluid extraction followed by LA-ICP-MS analysis is also potentially 

inadequate for resolving the evolution of a porphyry system as the 
results of crush-leach analysis may combine multiple generations of 
fluids (Chi et al., 2003), and the electronegativity of fluorine, a poten-
tially ore-forming ligand in magmatic-hydrothermal settings (Muecke 
and Clarke, 1981; Thomas et al., 2006; McPhie et al., 2011) prevents 
its detection by standard LA-ICP-MS analysis. Given the potential 
shortfalls of these methods, Tweedale et al. (2015) examined whether 
fluid inclusion decrepitate analysis techniques (Eadington, 1974; 
Haynes and Kesler, 1987) can be applied as a cost-effective and time-
efficient exploration tool to regionally assess granitoid ore fertility. 
This method determines semi-quantitatively the composition of solute 
ions, such as Na, K, Ca, Cl, and F, via scanning electron microscopy/
energy dispersive X-ray spectroscopy analysis of precipitate mounds 
formed by thermal decrepitation of fluid-inclusions. 

Exploration tool potential testing and development was conducted 
on the South Mountain Batholith of southwestern Nova Scotia 
(Tweedale et al., 2015). The ca. 380 Ma South Mountain Batholith at 
ca. 7,300 km2 is the largest Appalachian batholith and hosts a variety 
of polymetallic deposits (e.g., East Kemptville and New Ross). Previ-
ous detailed mapping has identified 260 discrete granitic bodies that 
were grouped into 49 map units based on field relations and composi-
tion (Keppie, 1979; MacDonald, 2001). These units were assigned to 
13 plutons, which in turn are designated as being Stage I (early) or 
Stage II (later) plutons (MacDonald, 2001). A fundamental aspect of 
this study was determining if methods can be applied for reconnais-
sance exploration in such a complex environment (Tweedale et al., 
2015). Initial results indicate that reconnaissance studies can efficient-
ly summarise a complex, multi-phase batholith through element distri-
bution maps and identify target areas for detailed follow-up (Tweedale 
et al., 2014, 2015). In particular the prevalence of F-rich fluids is note-
worthy, as this element likely plays a significant role in the potential 
of fluids to partition, transport and precipitate ore metals (McPhie et 
al., 2011). The precise role of F in the hydrothermal processes in-
volved in porphyry-style mineralisation remains equivocal, in part due 
to the most prevalent methods of fluid inclusion analysis not resolving 
F directly (e.g., Ulrich, 2004; Klemm et al., 2008; Ulrich and Mavro-
genes, 2008; Audétat, 2010). Experimental data (e.g., Jackson and 
Helgeson, 1985; Candela and Holland, 1986; Candela and Bouton, 
1990; Keppler and Wyllie, 1991; Hu et al., 2008; Rempel et al., 2008) 
suggests that Cl-complexes (especially for Cu and Sn), pH and tem-
perature are the main factors on the initial melt-fluid partitioning of 
metals and their deposition. An indication of the role of F in ore sys-
tems developed within the South Mountain Batholith is provided F 
distribution maps that show a decoupling between the fluid inclusion 
composition and whole-rock data at fluorite-bearing deposits 
(Tweedale et al., 2014). The implication here is that fluorite formation 
depletes the F (and Ca) from the fluid phase, which in turn changes 
the pH and thus the solubility of ore metals. 

 In situ mineral analysis and ore system fertility 
The Devonian granites of New Brunswick display a wide range of 

settings from pre-, syn-, late-, to post-tectonic related to the Acadian 
and Neoacadian orogenies, with affinities from primitive to highly 
evolved A-, S-, and I-types granitoids and are associated with Sn, Ta, 
Li, Sb, W, Mo, Cu, and Au, as well as base-metals and U mineralisa-
tion (Whalen, 1993; van Staal et al., 2009). To determine whether in 
situ mineral analysis can differentiate between barren and mineralised 
granitic systems 42 of New Brunswick’s Devonian granitoid intru-
sions were investigated for the compositional variations in biotite 
(Azadbakht et al., 2015a, b, c). The choice of biotite for analysis is 
because it is a common phase to many granitic rocks, is highly sensi-
tive to physico-chemical changes of its host, and continuously re-
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equilibrates with host and derivative fluids (Lentz, 1992; Lofersji and 
Ayuso, 1995; Siahcheshm et al., 2012; Wang et al., 2013). Further-
more biotite is a suitable proxy for the overall magma composition as: 
1) it is the most important reservoir of any excess aluminium in gran-
ites that do not contain modal garnet, cordierite, or the Al2SiO5 poly-
morphs; therefore, it directly reflects the peraluminosity of the host 
magma in such rocks; 2) it is the most readily available indicator of 
oxidation state; and 3) it can provide information about the F and Cl 
content of the magma. Analyses conducted by electron microprobe 
and laser ablation ICP-MS have shown major elements are typically 
constant within biotite grains from core to rim, but can show remarka-
ble trace element zoning. To investigate this zoning further laser abla-
tion ICP-MS trace element maps were also produced where permitted 
by the size of the biotite, frequency of the mineral inclusions, degree 
of alteration, and the laser spot size required to achieve sub-ppm de-
tection limits. 

Results of this study showed large-ion lithophile element zoning, 
including Cs, Ba, and Rb, for most of the biotite grains. As these ele-
ments are highly incompatible, any zoning can be a result of the mag-
ma evolution history recorded within the biotite crystalline structure. 
For example, biotite grains from the Pleasant Ridge granite show an 
increase from core to rim for Cs and Sn and a decrease for W and Sc 
(Fig. 5). Copper is also high along the cleavages where biotite is 
weakly altered to chlorite. These observations indicate a direct link 
between the fractional crystallisation of this granite and Sn mineralisa-
tion (Azadbakht et al., 2015b). Such correlations indicate that biotite 
composition can be correlated with magma fertility, but more work 
needs to be done to define characteristics of different magmatic pro-
cesses. 

Indium is a minor component of some post-accretionary mineral-
ised granitoids in the Canadian Appalachians, but is potentially eco-
nomically very significant due to high demand for a variety of indus-
trial and technology applications, particularly in electronics (e.g., 

touch screens). However, indium distribution between deposits is 
highly uneven, and whereas some deposits contain hundreds of kilo-
grams of the metal at grades sufficient to justify recovery, others are 
near-barren. At almost 1,000 tonnes combined indicated and inferred 
contained metal (McCutcheon et al., 2010, 2013), the Mount Pleasant 
Mine represents possibly the largest documented global indium re-
serve (Sinclair et al., 2006). In order to investigate the fundamental 
temperature, mineralogical, spatial and chemical controls on indium 
mineralisation in the district, a study was undertaken on samples from 
indium rich and poor occurrences at 10 drilled prospects in southern 
New Brunswick and southwest Nova Scotia, as well as from the past-
producing East Kemptville Mine in Nova Scotia (Goeddeke et al., 
2015). 

Detailed mineralogical characterization of these materials has 
shown that, contrary to existing models, within this district, indium is 
commonly introduced early in the deposit paragenesis, presumably as 
a component of the initial, high-temperature magmatic-hydrothermal 
fluids. During this phase of mineralisation, indium is dominantly pre-
cipitated within Cu-rich sphalerite, and it is the distribution of this 
mineral phase that primarily governs the presence or absence of indi-
um within a mineralised body. During later cooling of the deposit a 
proportion of the indium is exsolved forming lamellae in sphalerite 
cores zones (Goeddeke et al., 2015). 

Surficial vectors towards intrusion related mineralisation 
Extensive glacial sedimentation covers many of the prospective 

regions for porphyry-style mineralisation in Canada. Although these 
sediments may obscure or completely mask direct bedrock observa-
tion of deposits, glacial detrital processes can disperse products asso-
ciated with ores such that they form a much larger target that can be 
traced back (vectored) to mineralisation. To develop efficient method-
ologies and exploration protocols for glaciated terrains, studies were 
conducted in the vicinity of several major deposits in south-central 
British Columbia (Plouffe and Ferbey, 2015) and New Brunswick 
(McClenaghan et al., 2015). These studies were directed towards test-
ing the primary hypothesis of whether “distinctive geological, miner-
alogical and geochemical characteristics exist that can differentiate 
and vector to not only deposit sub-types but also the degree of fertility 
of hidden/deep mineralization” (Table 1). In the ore system concept 
these activities relate to detection methods and techniques for en-
hanced exploration. 

The utility of till composition in identifying Cu-Mo/Au porphyry 
deposits buried by glacial sediments was tested in the vicinity of the 
Gibraltar, Highland Valley and Mount Polley mines and the Woodjam 
prospect (Fig. 2). The primary objective of this study was to confirm 
that geochemical and mineralogical indicators of Cu porphyry miner-
alisation are resolvable in an efficient and cost-effective manor given 
the typical low to medium ore metal grades of the deposits in ques-
tion, such that these methods are exportable to the exploration indus-
try. The methods employed involved sampling till and measuring ice-
flow indicators from bedrock outcrops following procedures outlined 
in Spirito et al. (2011) to resolve glacial dispersal patterns and record 
any chemical or mineral enrichment that could vector to the known 
deposits (Plouffe and Ferbey, 2015, and references therein). 

Key results from this study are that products of porphyry-style 
mineralisation can be detected over several kilometres both as multi-
element chemical enrichment in the clay-sized fraction of till and as 
identifiable grains of ore related minerals within silt/sand-sized frac-
tions of till (Plouffe and Ferbey, 2015). Comparisons between the 
various study sites indicates that the actual chemical concentrations or 
number of grains that define the dispersal trains are not important, 

Figure 5 – Laser ablation ICP-MS trace element maps  of a biotite 
crystal from the Pleasant Ridge granite (sample WX-NB-187). 
After Azadbakht et al. (2015b). 
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merely that they are anomalous relative to the regional background 
values. Similarly the areal extent and shape of dispersal trains varies 
between deposits. In part these features reflect the extent of mineral-
ised bedrock that subject to glacial erosion within individual deposits 
(Plouffe et al., 2012). The recognition of high abundances of alteration 
minerals (e.g., epidote) in till down-ice from Cu porphyry deposits can 
thus be significant, as the alteration zones associated with these types 
of deposit are much larger than the ore zone itself. Hence, alteration 
minerals are more likely to be incorporated into till than direct ore 
products and can potentially represent a larger exploration target 
(Plouffe and Ferbey, 2015). 

Notable ore minerals (e.g., chalcopyrite) are present within the till 
dispersal trains (Plouffe and Ferbey, 2015). This is significant as other 
studies elsewhere (e.g., the giant Pebble porphyry Cu-Au-Mo deposit 
in Alaska – Kelley et al., 2011) have not identified sulphide minerals 
in tills despite their presence within the ore. The interpretation has 
been that the absence of chalcopyrite in till reflects sulphide-
destructive processes within the surficial environment (Kelley et al., 
2011). An alternative explanation for why ore minerals may be pre-
cluded from tills is suggested by the observation of ore bodies that are 
at least partially covered by pre-glacial sedimentation (i.e., the Valley 

deposit at the Highland Valley Mine). Such relationships would pro-
tect mineralised zones from glacial erosion and so impact the potential 
for ore minerals to be incorporated into till (Fig. 6; Plouffe et al., 
2012; Plouffe and Ferbey, 2015). Furthermore, lacustrine deposits can 
accumulate above ore zones prior to glaciation because the alteration 
associated with ore generation tends to “weaken” the ore zone relative 
to its margins, and thus these areas are susceptible to forming palae-
otopographic depressions within which sediments may collect. 

Surficial signatures for polymetallic, post-accretionary granitoid 
related mineralisation was examined in the vicinity of the Sisson W-
Mo and Mount Pleasant Sn-W-Mo-Bi-In deposits, New Brunswick 
(McClenaghan et al., 2015 and references therein). Indicator minerals 
were studied by heavy mineral concentrates from till and stream sedi-
ment samples, with chemical analysis (partial and total digestion) 
were obtained from the silt fraction of till. Indicator/pathfinder trace 
elements in till includes Sn, W, Mo, Cu, Zn, Pb, Ag, Bi, In, As, Cd, 
Re, Te, Tl, and Zn. The range of indicator elements reflects the 
polymetallic nature of the deposits and the broad suite of elements 
readily available by commercial ICP-MS analysis. The Mount Pleas-
ant deposit contains a significant In resource (Sinclair et al., 2006) and 
till down-ice from the deposit contains some of the highest In values 
(13 ppm) ever reported for till, indicating that till geochemistry can be 
an important exploration tool for In-bearing deposits (McClenaghan et 
al., 2015). In addition to full chemical analyses, small samples were 
also examined using a portable XRF. Although the data obtained by 
portable XRF is not directly comparable in quality or range of ele-
ments determined in relation to ICP-MS analysis, its immediacy and 
potential to analyse many samples make it a valuable tool for directing 
exploration and reducing the number of samples required to undergo 
full analysis. 

Indicator minerals identified in the medium grain size fraction 
(0.25-0.5 mm) of till and stream sediment near the Sisson W-Mo de-
posit include scheelite, wolframite, molybdenite, chalcopyrite, joseite, 
native Bi, bismutite, bismuthinite, galena, sphalerite, arsenopyrite, 
spessartine, pyrrhotite, and pyrite. At the Mount Pleasant Sn-W-Mo-In 
deposit indicator minerals include cassiterite, wolframite, molybde-
nite, topaz, fluorite, galena, sphalerite, chalcopyrite, galena, arsenopy-
rite, pyrite, and loellingite. Additional (but rare) secondary indicator 
minerals at the Mount Pleasant deposit include beudantite, anglesite, 
and plumbogummite. Indicator minerals present in the coarse (0.5-2.0 
mm) heavy mineral fraction of till indicate proximity to the mineral-
ised source.  A process to systematically determine scheelite (CaWO4) 
within heavy mineral concentrates using its short wave ultraviolet 
light fluorescence was developed and is now commercially available 
(McClenaghan et al., 2015). 

Conclusions 
All of the hypotheses listed in Table 1 that underpinned the suite 

of activities conducted within the auspices of the TGI 4 – Intrusion 
Related Mineralisation Project have at least partially been confirmed. 
The resulting advancements to the associated ore system model pro-
vide several potential avenues for the application of innovative explo-
ration models for hidden or buried porphyry-style mineralisation. 
Currently, the improved surficial methods for the detection of intru-
sion related ore bodies (McClenaghan et al., 2015; Plouffe and 
Ferbey, 2015) are the most advanced and thus are suitable for immedi-
ate adoption by industry as part of a mineral exploration strategy. 

Overall the results outlined above provide the basis for predictive 
models from the regional level of which terrane is most prospective 
down (tectonic setting/structure) to the small scale with effective vec-

Figure 6 – Diagrammatic representation of how pre-glacial sediments 
deposited in palaeotopographic depressions can shield Cu 
porphyry mineralised zones from glacial processes and limit the 
incorporation of ore into down-ice dispersal trains. Modified from 
Plouffe et al. (2012). 
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tors to ore (mineral analysis/till composition). A recurring theme with-
in the bedrock related studies has been the significance within the ore 
system model of the transport of metals via fluid from source to depo-
sition. Granitoid intrusions often develop as a relatively long lived 
system through multiple intrusive phases and pulses of magma over 
timescales that can be significantly longer than individual mineralising 
events. Consequently, there is no inherent reason why host granitoid 
rocks to a deposit are directly genetically linked (other than by meta-
somatic alteration) with the ore. In this sense for exploration purposes 
all porphyry-style deposits should be explored for as if they are ex-
ogranitic (hosted externally to the intrusion) even when they form 
within an intrusion (endogranitic). This principle is particularly rele-
vant in terms of choice of mineralogical analysis as a means to pro-
vide vectors to ore, as minerals that remain “open” (liable to constant-
ly re-equilibrate with host and derivative fluids), such as biotite, can 
be an effective proxy for the whole intrusive system rather than an 
individual phase that may not be associated with ore genesis. Another 
implication of this is pluton that develops through multiple pulses of 
magma can cause recycling and concentration of ore metals through 
batch processing with ore precipitating at a physico-chemical thresh-
old between or within earlier intrusive phases. This model represents a 
potential explanation for the increasing grade of ore with depth that is 
observed in deep levels of some porphyry-style deposits. 
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Abstract: Till orientation surveys were completed in the region of four Cu porphyry deposits in British Columbia 
with the objective of defining geochemical and mineralogical indicators of porphyry mineralisation buried by glacial 
sediments. We demonstrate that even if those deposits contain low to medium metal grades (e.g., 0.2 to 0.4 % Cu 
compared to an average crustal abundance of 0.0075 % Cu), they are reflected in the till composition with elevated 
concentrations of ore metals (Cu, Au, Mo) and pathfinder elements (Hg, Pb, Zn, Ag), and large grain counts of ore 
minerals (chalcopyrite, gold grains) and alteration minerals (e.g., epidote, andradite garnet, apatite) which are in con-
trast with surrounding regions devoid of mineralisation. These zones with elevated metal or mineral content in till 
define glacial dispersal trains that extend several kilometres down-ice from the bedrock mineralised sources. In this 
study, the shape of the dispersal trains is principally controlled by: 1) the ice-flow directions; and 2) the areal extent 
of the mineralisation exposed to glacial erosion which can comprise a cluster of sub-economic mineralised zones in 
the periphery of the main economic deposits. Using those porphyry indicators and existing till composition data sets 
from a region underlain by Late Triassic to Early Jurassic intrusions within the Quesnel terrane, we postulate that 
potential for Cu-Au porphyry style mineralisation exists within the Spout Lake pluton to the west of the Takomkane 
batholith and at the northern end of the Thuya batholith. 
 

Introduction 
Porphyry deposits are defined as “large, low- to medium-grade 

deposits in which primary (hypogene) ore minerals are dominantly 
structurally controlled and which are spatially and genetically related 
to felsic to intermediate porphyritic intrusions” (Kirkham, 1972; Sin-
clair, 2007). In Canada, 40 % of Cu, all Mo and 10 % of Au is pro-
duced from porphyry deposits (Sinclair, 2007). Porphyry deposits are 
predominantly found in orogenic belts and the Canadian Cordillera is 
no exception to this general rule as it includes a number of porphyry 
deposits which have been or are still in production (Fig. 1). 

A hindrance to exploring for porphyry deposits in broad sectors of 
the Canadian Cordillera is the presence of an extensive and thick cov-
er of glacial sediments which obscure prospective bedrock geology. 
Consequently, discoveries made from outcropping mineralisation have 
become increasingly rare. New efficient methods for detecting buried 
mineralisation need to be developed in this evolving context. To ad-
dress this issue, the Geological Survey of Canada in collaboration 
with the British Columbia Geological Survey implemented an orienta-
tion till sampling survey in the region of four Cu-porphyry deposits in 
the Canadian Cordillera: Highland Valley Copper (Cu-Mo porphyry), 
Gibraltar (Cu-Mo porphyry) and Mount Polley (Cu-Au-Ag porphyry) 
mines and the Woodjam prospect (Cu-Mo-Au porphyry) (Fig. 1) . The 
sampling survey extended over a three year period (2011 to 2013) 
with the objective of defining key geochemical and mineralogical 
indicators of porphyry mineralisation that can be identified in till and 
related to buried mineralisation (Anderson et al., 2012a; Ferbey et al., 
2014). 

A total of 309 till samples (excluding field duplicate samples) 
were collected in this study and were geochemically analysed and 
processed for indicator minerals. Geochemical and mineralogical re-

sults were presented on posters and in oral presentations at confer-
ences, and in departmental publications throughout the course of this 
activity (Anderson et al., 2012a, b, c; Plouffe et al., 2012, 2013a, c, 
2014; Ferbey and Plouffe, 2014; Ferbey et al., 2014; Hashmi et al., 
2014; Plouffe and Ferbey, 2015a). This paper presents the highlights 
of the work accomplished to date, provides an overview of the publi-
cations to be published in the future as part of this project, and discuss 
future research avenues that should be pursued to improve and devel-
op mineral exploration methods for porphyry deposits in glaciated 
areas. As a general overview, we demonstrate that Cu-porphyry de-
posits with low to medium Cu grades (0.2 to 0.4 % Cu compared to an 
average crustal abundance of 0.0075 %; Rudnick and Gao, 2004) can 
be detected using a combination of geochemical and mineralogical 
analyses of the till matrix. 

Porphyry mineralisation setting 
Porphyry deposits within the Canadian Cordillera (Cu, Cu-Mo, Cu

-Au, Au, W and Mo) occur principally in felsic to intermediate intru-
sive rocks associated to the Stikine and Quesnel volcanic arc terranes 
that were accreted to North America in the Middle Jurassic, with few-
er porphyry deposits within the Wrangellia terrane (Fig. 1; Logan, 
2013). Porphyry deposits formed during two episodes in two general 
tectonic settings: 1) in an island-arc setting, prior to accretion to North 
America, in Late Triassic to Middle Jurassic time, and 2) in a conti-
nental-arc setting, after accretion, in Late Cretaceous to Eocene time 
(McMillan and Panteleyev, 1995; McMillan et al., 1995, 1996; Logan, 
2013). Logan and Mihalynuk (2014) presented the tectonic controls of a 
particular prolific period for the formation of Cu porphyry deposits in 
the Canadian Cordillera centred around 205 Ma when more than 90 % 
of the Cu deposits were formed. 



Plouffe and Ferbey, 2015 

16 

0.010 % Mo were processed at the mine. In December 2012, the re-
serves were estimated at 697 million tonnes at 0.29 % Cu and 0.008 % 
Mo (Byrne et al., 2013). 

The Mount Polley Mine is an alkaline Cu-Au-Ag porphyry deposit 
which has been in operation since 1997 with an interruption period of 
four years from 2001 to 2005. In addition to the mineralogy typical of 
Cu-porphyry deposits (i.e., chalcopyrite and bornite), Au and Ag oc-
cur as inclusions and as micro-scale grains that co-precipitated with 
sulfides (Pass, 2010). At this deposit, Au is more enriched in pyrite as 
compared to the Cu sulphides (Pass, 2010). A total of 80 million 
tonnes of ore were milled producing 452 million pounds of Cu, 

The four Cu porphyry deposits investigated as part of this till sam-
pling survey are part of the Quesnel terrane. Copper porphyry miner-
alisation at the four study sites is hosted in Late Triassic to Early Ju-
rassic calcalkaline (Cu-Mo porphyry) to alkaline (Cu-Au porphyry) 
intrusions which intruded the coeval Nicola Group volcanic and asso-
ciated sedimentary rocks. Chalcopyrite is one of the main Cu ore min-
erals at each site with lesser amounts of bornite. In the calcalkaline 
deposits, Mo is dominantly hosted in molybdenite. 

 The Highland Valley Copper Mine includes at least five calcalka-
line Cu-Mo porphyry deposits hosted within the Guichon Creek bath-
olith. A total of 1615.16 million tonnes of ore grading 0.40 % Cu and 

Figure 1 – Location of the four study sites, and of the past-producing and producing unclassified Cu-porphyry deposits (from 
MINFILE, 2015) depicted on the terrane map of British Columbia (Colpron and Nelson, 2011). HVC- Highland Valley 
Copper deposit. 
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ran Ice Sheet during the Late Wisconsinan Fraser glaciation. At the 
onset of glaciation, valley glaciers coalesced into piedmont glaciers in 
the Coast and Cariboo mountains (Tipper, 1971a, b). Valley glaciers 
also formed in isolated mountain ranges within the Interior Plateau 
(e.g., Clague, 1989; Plouffe, 2000). The first glaciers to cover the 
three northern most study sites were derived from the Cariboo Moun-
tains and were generally advancing to the west to southwest. At gla-
cial maximum, glaciers from the Coast and Cariboo Mountains coa-
lesced over the Interior Plateau forming an east-west ice divide around 
the 52° latitude from which ice was flowing to the north and south. 
This ice divide is visible on the provincial compilation map of ice-
flow indicators (Ferbey and Arnold, 2013; Ferbey et al., 2013). Conse-
quently, at the three northern sites, there was a second phase of ice 
flow to the north to northwest which originated from the ice divide. 
Only in the Gibraltar Mine region, we have found evidence of a third 
ice movement to the southeast, the origin and timing of which is still 
unclear. The net implication of these multiple ice-flow movements is 
that the geochemical or mineralogical signal in till derived from min-
eralisation might have been transported by any combination of these 
glacial transport vectors. 

Regional surficial geology investigations plus our own field stud-
ies in the Highland Valley Copper deposit region, have defined a sin-
gle vector of ice flow to the south to southeast which was derived 
principally from the ice divide at the 52° latitude (Fulton, 1975; Ry-
der, 1976; Bobrowsky et al., 2002; Plouffe et al., 2013a, b). 

Methods 
Field work involved sampling till, measuring ice-flow indicators 

on bedrock outcrops and making observations for the production of 
surficial geology maps. Till sampling was completed following proce-
dures outlined in Spirito et al. (2011) with the objective of obtaining 
samples not only down-ice but in all directions from the known miner-
alisation. This approach is used to define the extent of glacial dispersal 
and to demonstrate that the geochemical or mineralogical enrichment 
in till which defines a glacial dispersal train stands out above regional 
background values. Two till samples were collected at each sampling 
site: a large (ca. 10 kg) and small (ca. 2 kg) sample. 

The small sample was shipped to the Sedimentology Laboratory 
of the Geological Survey of Canada and was processed to separate the 
silt and clay-sized fraction (<0.063 mm) by dry sieving and the clay-
sized fraction (<0.002 mm) by decantation and centrifuging (Girard et 
al., 2004). Both fractions were submitted for geochemical analyses in 
a commercial laboratory (ACME Analytical Laboratories, Bureau 
Veritas Company, Vancouver, BC) which included two analytical 
packages: 1) 0.2 g aliquots were digested with lithium metaborate/
tetraborate, fused at 980°C, dissolved in 5 % HNO3 and then analysed 
by inductively coupled plasma emission spectrometry and mass spec-
trometry (ICP-ES and ICP-MS), and 2) 0.5 of clay sized (<0.002 mm) 
material and 30 g of silt plus clay sized (<0.063 mm) material were 
diluted in a HCl and HNO3 solution (ratio 1:1, modified aqua regia) 
and analysed by ICP-MS (Fig. 2A). Large silt and clay aliquots (30 g) 
were submitted for Au analyses by ICP-MS to reduce the nugget ef-
fect (Harris, 1982; Stanley, 2008) attributed to fine gold grains hetero-
geneously distributed in the silt-sized material of the till matrix which 
generally result in low analytical precision. A combination of field 
duplicates, laboratory duplicates (blind duplicate) and standards were 
submitted with the routine samples to monitor sampling site variabil-
ity, analytical precision and accuracy, respectively. 

The large samples were processed to recover the heavy (>3.2 spe-
cific gravity (s.g.)) and mid-density (2.8-3.2 s.g.) mineral fractions 

695,000 ounces of Au, and 2.2 million ounces of Ag (Rees, 2013). As 
of January 2013, the reserves were estimated at 93 million tonnes 
grading 0.297 % Cu, 0.299 g/t Au, and 0.620 g/t Ag (Rees, 2013). 

The Gibraltar Mine is a calcalkaline Cu-Mo porphyry deposit 
which has been in operation from 1972 to 1988 and from 2004 to 
present (Liles, 2005; van Straaten et al., 2013). The deposit is hosted 
within the Granite Mountain batholith. Because of the presence of 
Cache Creek rocks near the batholith and because of limited bedrock 
exposure which hinders the interpretation of contact relationship, the 
batholith was originally interpreted to be part of the Cache Creek ter-
rane, which consists of ocean basin and oceanic arc rocks of Paleozoic 
to early Mesozoic age (e.g., Drummond et al., 1973, 1976; Bysouth et 
al., 1995). However, recent mapping has demonstrated that the batho-
lith intrudes Nicola Group volcanic and sedimentary rocks and is part 
of the Quesnel terrane (Schiarizza, 2014, 2015). Combining past pro-
duction and current resource, it represents 1.22 billion tonnes of ore 
with a Cu grade of 0.317 % and an estimated Mo grade of 0.010 % 
(van Straaten et al., 2013). 

The Woodjam prospect includes five mineralised zones associated 
with emplacement of the Takomkane batholith and accompanying 
satellite intrusions at the northwestern limit of the batholith: Takom, 
Megabuck, Deerhorn, Southeast, and Three Firs. None of these zones 
have been mined. It includes porphyry mineralisation with alkaline 
and calcalkaline composition (del Real et al., 2013, 2014). To date, 
inferred resources for three mineralised zones at Woodjam are evalu-
ated at 221.7 million tonnes of ore with Cu grades varying from 0.22 
to 0.31 % Cu and 0.26 to 0.49 g/t Au (Sherlock et al., 2013; Sherlock 
and Trueman, 2013). Calculations of Mo reserves are not publically 
available for Woodjam. 

Glacial sediment cover 
The glacial sediment cover varies extensively at the four study 

sites. At Woodjam, none of the mineralisation is exposed at surface 
and only a portion of the alteration zone outcrops. Based on drill log 
data, unconsolidated sediment thickness reaches over 200 m over the 
deposit (J.W. Morton, pers. comm., 2014; see profiles in del Real et 
al., 2014). At the Gibraltar, Mount Polley and Highland Valley mines, 
at pre-mining time, the mineralisation was in large part covered by 
various thicknesses of glacial sediments (in other words mineralisation 
was subcropping) but in all cases a small part of the mineralisation 
was exposed at surface (in other words mineralisation was naturally 
outcropping) as reported in Rotherham et al. (1972), Casselman et al. 
(1995), Byrne et al. (2013), and Rees (2013). Any mineralised zone 
that was protected from glacial erosion represents a limiting factor in 
the application of till composition for the detection of buried minerali-
sation (Plouffe et al., 2012). This is the case at Woodjam where one of 
the mineralised zone (Three Firs) is in part covered by basalt correlat-
ed to the Oligocene-Pliocene Chilcotin Group that can be up to 20 m 
thick (Bissig et al., 2013). At Highland Valley, pre-glacial sediments 
partly cover the Valley deposit and probably completely cover the J.A. 
deposit (Bobrowsky et al., 1993; Byrne et al., 2013). The Chilcotin 
Group basalt at Woodjam and the pre-glacial sediments at Highland 
Valley acted as a shield which protected part of the mineralisation 
from glacial erosion. Therefore, none of the protected mineralisation 
is reflected in the till composition. 

Glacial history 
The interpretation of the glacial history for the four study sites is 

based on previous studies plus the current investigation of the ice-flow 
direction indicators. All of the four sites were covered by the Cordille-
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tial cross-contamination, 2) field duplicate samples to monitor sam-
pling site variability, and 3) spiked samples to evaluate the precision 
of the heavy mineral separation and indicator mineral identification 
procedures. In addition, a limited number of heavy mineral concen-
trates were re-numbered and re-submitted for mineral identification to 
evaluate the precision of the indicator mineral counts. 

Geochemical and mineralogical analytical results obtained for this 
study will be available via an open file report (A. Plouffe and T. 
Ferbey, work in progress, 2015). 

Results and interpretation: an overview 
Interpretation of the till geochemical and mineralogical data, tak-

ing in consideration the reconstructed ice-flow histories, has important 
implications for mineral exploration for porphyry deposits in glaciated 
areas. Key highlights are presented below. 

Porphyry mineralisation can be detected based on multi-
element enrichment in till. 

At the four study sites, Cu-porphyry mineralisation is reflected by 
a high Cu content in the clay-sized fraction of till down-ice from the 
mineralised zones (Figs. 3 and 4; Plouffe et al., 2011a, 2013a; Plouffe 
and Ferbey, 2015a). The high Cu concentrations in till near the known 
mineralised zones stands out above regional background Cu content of 
till and reaches concentrations greater than 380 ppm at Gibraltar, 
Mount Polley and Woodjam, and greater than 990 ppm at Highland 
Valley Copper. These high Cu concentrations define glacial dispersal 
trains with various lengths; one to two kilometres at Woodjam but 
over four kilometres at Mount Polley. The areal extent and shape of 
the Cu dispersal is in part related to the extent of the bedrock minerali-
sation exposed to glacial erosion (Plouffe et al., 2012). For example, 
the large amoeboid dispersal train of Cu in till at Gibraltar is in part 
related to a cluster of Cu porphyry mineral occurrences in the region 
that were glacially eroded (Fig. 3). 

At calc-alkaline Cu-Mo porphyry deposits, till contains up to 8 
ppm Mo (Fig. 5; Plouffe et al., 2014). At Gibraltar, the areas of Mo 
and Cu rich till are similar in size and shape (Figs. 3 and 5). At the 
Mount Polley alkaline Cu-Au-Ag porphyry deposit, till contains up to 
90 ppb Au defining a Au glacial dispersal train of over 8 km extend-
ing down-ice to the northwest (Fig. 6; Hashmi et al., 2014, in press a, 
b). 

High commodity metal contents in till near porphyry deposits can 
be found in association with high pathfinder element contents. Such is 
the case at Gibraltar where elevated Ag and Zn (Plouffe et al., 2011a, 
2014) and at Mount Polley where elevated Zn and Hg concentrations 
(Hashmi et al., 2014, in press a) have been identified in till at the pe-
riphery of the main deposits. These patterns in the till reflect metal 
zoning associated to the main mineralisation. These results indicate 
that porphyry mineralisation that was exposed to glacial erosion and is 
now partly buried by glacial sediments, can be detected based on ele-
vated multi-element contents in till. 

Ore minerals are present in till down-ice from porphyry 
deposits. 

Analogous to high trace element contents identified in till in the 
region of the porphyry deposits, ore minerals associated with porphyry 
mineralisation are present in till. Chalcopyrite is a key ore mineral in 
most Cu porphyry deposits in British Columbia and it has been recov-
ered from till samples at all four study sites (Fig. 7). It is present and 

and identify indicator minerals at Overburden Drilling Management 
Limited (Ottawa, ON) following the protocols adopted at the Geologi-
cal Survey of Canada (see Plouffe et al. (2013b) for the details of the 
methodology) and outlined in Figure 2B. Quality assurance and quali-
ty control samples were submitted along with the routine samples and 
included: 1) blank samples from weathered granite to monitor poten-

Figure 2 – Flow charts showing the procedures followed for: 
(A) geochemical analyses; 
(B) heavy mineral separation and indicator mineral identification. 
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Figure 3 – Copper in the clay-sized fraction of till at the Mount Polley deposit analysed by ICP-
MS after an HCl : HNO3 leach (1:1) (modified from Hashmi et al., in press a). Bedrock geolo-
gy simplified from Massey et al. (2005) and Logan et al. (2007, 2010). 



Plouffe and Ferbey, 2015 

20 

Figure 4 – Copper in the clay-sized fraction of till at the Gibraltar deposit analysed by ICP-MS 
after an HCl : HNO3 leach (1:1). Bedrock geology simplified from Ash et al. (1999), Massey 
et al. (2005) and Schiarizza (2014). 
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Figure 5 – Molybdenum in the clay-sized fraction of till at the Gibraltar deposit analysed by ICP-MS after an HCl : HNO3 
leach (1:1) (modified from Plouffe et al., 2014). Bedrock geology legend is the same as Figure 4. 

Figure 6 – Gold in the silt plus clay-sized fraction of till at the Mount Polley deposit analysed by ICP-MS after an HCl : HNO3 
leach (1:1) (modified from Hashmi et al., in press a). Bedrock geology legend is the same as Figure 3. 
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sent a larger exploration target and their associated mineralogical 
signature in till can be aerially extensive. For example, at Gibraltar 
and Woodjam, large regions extending over 10 km from mineralised 
zones are characterized by abundant green epidote in till which is in 
contrast with surrounding regions (Figs. 12, 13, and 14). The epidote 
in till is thought to be derived at least in part from the propylitic altera-
tion (Plouffe et al., 2013a). On the other hand, at Highland Valley 
Copper, epidote in till is present in amounts greater than 70 % over a 
large area probably because of the extensive regional moderate to 
strong chlorite (epidote) alteration in the Guichon Creek batholith (cf. 
Casselman et al., 1995; Fig. 15). At Mount Polley, andradite garnet 
and apatite potentially derived from the porphyry alteration zones 
(Rees, 2013) are found to be abundant in a limited number of till sam-
ples up to at least 2.6 kilometres down-ice (northwest) from the depos-
it (Hashmi et al., in press a, b). Lastly, jarosite, common in supergene 
enrichment zones associated with Cu porphyry deposits (e.g., Averill, 
2011; Kelley et al., 2011), was identified in till down-ice of mineral-
ised zones at Mount Polley (Hashmi et al., in press a) and Woodjam 
(Ferbey and Plouffe, 2014). 

Minerals common in alteration zones (e.g., epidote, andradite, 
apatite) or supergene enrichment (e.g., jarosite) associated to porphyry 
deposits have the potential to become porphyry indicator minerals in 
till. However, these minerals may not be unique to porphyry deposits 
and therefore, the physical and compositional attributes of minerals 
derived from porphyry alteration zones versus other barren sources 
need to be characterized. Defining the physical and chemical charac-
teristics of alteration minerals will serve to define the presence of 
buried alteration zones which potentially can represent larger explora-
tion targets compared to the mineralised zone enriched in commodity 
metals. 

Interpretation of till composition needs to take into account 
reconstruction of local ice-flow history. 

The importance of understanding the ice-flow history to interpret 
till composition as applied to mineral exploration has long been recog-
nized (e.g., DiLabio and Coker, 1989; Kujansuu and Saarnisto, 1990; 
Bobrowsky et al., 1995; Paulen, 2013). Interpretation of the till geo-
chemical and mineralogical data from this project is no different. For 
example, the distribution of geochemical and mineralogical porphyry 
indicators in till at Mount Polley requires consideration of two phases 
of ice-flow which have formed palimpsest dispersal trains influenced 
by the first (southwest) and second (northwest) phase of ice movement 
(Hashmi et al., 2014, in press a, b). At Gibraltar, the extensive amoe-
boid dispersal trains defined by till geochemistry and mineralogy 
(Plouffe et al., 2014) reflect, as indicated above, the presence of a 
cluster of Cu porphyry mineralised zones as well as the complex ice-
flow history which included ice movements to the southeast, west and 
northwest. Amoeboid dispersal trains are known to occur in regions 
with complex ice-flow histories (e.g., Stea 1989; Shilts, 1993; Trom-
melen et al., 2013). 

Composition of alteration minerals could provide information 
on porphyry mineralisation source. 

At Mount Polley, magnetite-rich hydrothermal alteration is found 
in close association with Cu mineralisation (Rees, 2013). Magnetite 
grains from till, the magnetite breccia (mineralised) and the monzonite 
(unmineralised) from Mount Polley were analysed by laser ablation – 
inductively coupled plasma mass spectrometry (LA-ICP-MS) at the 
University of Victoria to test if the hydrothermal magnetite could have 
a different composition and have different physical characteristic com-

more abundant in till down-ice from Cu mineralised zones compared 
to surrounding regions (Figs. 8 and 9). At Mount Polley, the abun-
dance of chalcopyrite grains in the heavy mineral fraction (0.25-0.5 
mm and >3.2 specific gravity) define a dispersal train which extends 
over six kilometres down-ice (northwest) from the known mineralisa-
tion (Fig. 10; Hashmi et al., 2014, in press a, b). At the same site, the 
Au mineralisation is well reflected in till by a Au grain dispersal train 
that extends over five kilometres down-ice (Fig. 11). In contrast, mo-
lybdenite was not identified in till near any of the Cu-Mo porphyry 
deposits and consequently, this mineral has limited application for the 
detection of buried porphyry mineralisation. The absence of molybde-
nite in till could be related to a combination of the following factors: 
1) its weathering in till since deglaciation or 2) its low abundance to 
absence in the mineralised bedrock that was exposed to glacial erosion 
and 3) its inability to survive glacial erosion and transportation due to 
its extreme softness (hardness=1). 

The ore mineral chalcopyrite can be considered a key porphyry Cu 
indicator mineral in till. Likewise, gold grains can be indicative of Cu-
Au porphyry mineralisation and can be present along with chalcopy-
rite grains. 

Alteration minerals are present in tills near porphyry 
deposits. 

Porphyry deposits are characterized by the presence of alteration 
zones that occur peripheral to ore mineralisation (Lowell and Guilbert, 
1970). Alteration zones progress outward from a potassic core (K-
feldspar, biotite, ± amphibole, ± magnetite, ± anhydrite) which is 
shelled by phyllic (quartz-sericite-pyrite), argillic (quartz, illite, pyrite, 
± kaoloin, ± smectite, ± montmorillonite, ± smectite), and propylitic 
(epidote-chlorite-calcite, ± albite, ± pyrite) zones (Lowell and Guil-
bert, 1970; Sinclair, 2007). These alteration zones have been defined 
at Highland Valley Copper (Casselman et al., 1995; Byrne et al., 
2013), Mount Polley (Fraser, 1994; Rees, 2013) and Gibraltar 
(Drummond et al., 1973, 1976). 

Certain alteration minerals are found to be abundant in till down-
ice from porphyry deposits. Because the alteration zones in porphyry 
deposits are larger than the mineralised zones, they potentially repre-

Figure 7 – Chalcopyrite grains (0.25-0.5 mm) recovered from till in 
the region of the Highland Valley Copper mine (modified from 
Plouffe et al., 2013a) 
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Figure 8 – Chalcopyrite grain counts in the 0.25-0.5 mm sized fraction and >3.2 s.g. density fraction of till normalized to 10 
kg bulk sediment (<2 mm) at the Woodjam prospect. Bedrock geology simplified from Massey et al. (2005) and Logan 
et al. (2010). 
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Figure 9 – Chalcopyrite grain counts in the 0.25-0.5 mm sized fraction and >3.2 s.g. density fraction of till normalized to 10 kg 
bulk sediment (<2 mm) at the Highland Valley Copper deposit. Bedrock geology simplified from McMillan et al. (2009). 
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Figure 10 – Chalcopyrite grain counts in the 0.25-0.5 mm sized fraction and >3.2 s.g. density fraction of till normalized to 10 
kg bulk sediment (<2 mm) at the Mount Polley deposit. Bedrock geology legend is the same as Figure 3. 

Figure 11 – Gold grain counts with long axis varying from 0.015 to 0.425 mm in the shaking table concentrates normalized to 
10 kg bulk sediment (<2 mm) at the Mount Polley deposit. Bedrock geology legend is the same as Figure 3. 
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Figure 12 – Green epidote grain counts in the 0.25-0.5 mm sized fraction and >3.2 s.g. density fraction of till normalized to 
10 kg bulk sediment (<2 mm) at the Gibraltar deposit. Bedrock geology legend is the same as Figure 4. 

Figure 13 – Green epidote grain counts in the 0.25-0.5 mm sized fraction and >3.2 s.g. density fraction of till normalized to 
10 kg bulk sediment (<2 mm) at the Woodjam prospect. Bedrock geology legend is the same as Figure 8. 
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pared to the regional magnetite derived from non-mineralised sources. 
Grondahl (2014) and Piziak et al. (2015) found that the magnetite 
grains with a Ti and Sn content similar to the Mount Polley magnetite 
breccia (ca. 0.5 to ca. 3 ppm Sn and 1100-11,000 ppm Ti) can be de-
tected in till up to 6 kilometres to the northwest (down-ice) from the 
deposit. Beyond this distance, the magnetite grains in till showed no 
overlapping composition with magnetite from the deposit. 

Similar to the magnetite study at Mount Polley, Chapman et al. 
(2015, in press) studied the composition of tourmaline in till and bed-
rock at Woodjam to identify the signature of the porphyry mineralised 
bedrock source. Tourmaline major element compositions were deter-
mined by electron microprobe (EPMA) at the University of Ottawa 
MicroAnalysis Laboratory. Structural formulae were calculated by 
normalisation on 31 anions and by assuming that Y+Z+T = 15 atoms-
per-formula-unit (apfu). Tourmaline from the Takom and Deerhorn 
zones at Woodjam has compositions typical of tourmaline associated 
with Cu-porphyry mineralisation as identified by Baksheev et al. 
(2012). Typically, Mg content is approximately two atoms-per-
formula unit and individual analyses are distributed along the FeAl-1 
substitution vector in a Fe-Mg (apfu) bivariate plot, as well as along 
the magnesiofoitite-povondraite join in an Fe-Al-Mg ternary plot. The 
tourmaline abundance in till defines a wide dispersal train which ex-
tends approximately 10 km northwest (down-ice) from the Woodjam 
deposit and the Takomkane batholith (Chapman et al., in press). How-

Figure 14 – Heavy mineral concentrates (0.25-0.5 mm; s.g. >3.2; para-
magnetic fraction 0.8 – 1 A; see Figure 2B) from sample 11-PMA
-017A-1 collected in the Woodjam area. The amount of epidote in 
this concentrate is estimated at 80 % (+/- 10 %). Field of view 
width: 5 mm. Modified from Plouffe et al. (2013a). 

Figure 15 – Green epidote grain counts in the 0.25-0.5 mm sized fraction and >3.2 s.g. density fraction of till normalized to 
10 kg bulk sediment (<2 mm) at the Highland Valley Copper deposit. Bedrock geology legend is the same as Figure 9. 
The mapped extent of chlorite (epidote) alteration is from Casselman et al. (1995). 
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Survey of Canada (Plouffe et al., 2009, 2010) for a region which in-
cludes two Late Triassic – Early Jurassic intrusions within the Quesnel 
terrane: the Thuya and Takomkane batholiths. Two vectors of ice-flow 
movements have been identified in this region by Plouffe et al. 
(2011b) including a first movement to the west to southwest derived 
from the Cariboo Mountains which were the source of ice at the onset 
of the last glaciation. A second flow to the south to southeast originat-
ed from an ice divide which formed around the 52 degree latitude 
following the coalescence of ice from the Coast and Cariboo moun-
tains (Fig. 16). Two regions with elevated Cu concentrations above 
359 ppm in the clay-sized fraction of till are defined from this regional 
data set: one about 30 kilometres south of Woodjam, at the western 
limit of the Takomkane batholith but underlain by the Late Triassic 
Spout Lake pluton, and a second one at the northern limit of the Thuya 
batholith (Fig. 16). Within those two areas, the Au grain content of till 
is also elevated including numerous adjacent samples with more than 
66 Au grains per 10 kg of bulk material (<2 mm) (Fig. 17). A total of 
57 samples selected from within and outside the regions with elevated 
Au and Cu were processed for porphyry Cu indicator minerals identi-
fication as part of the Mountain Pine Beetle Program. All samples 
with more than 3 chalcopyrite grains per 10 kg are located at the 
northern limit of the Thuya batholith or at the western limit of the 
Takomkane batholith, above the Spout Lake pluton (Fig. 18). Based 
on the mineralogical and geochemical indicators of Cu-Au porphyry 

ever, only tourmaline grains in a till sample located <1 km from Deer-
horn have a composition similar to the one in the mineralised source 
(Chapman et al., in press). 

Till indicators of Cu porphyry mineralisation identified as 
part of this study are used to identify potential exploration 
targets. 

Our study indicates that elevated Cu concentrations along with the 
presence of chalcopyrite in till can be indicative of Cu porphyry min-
eralisation. In addition, the presence of elevated Au grain counts or 
elevated Au concentrations found in association with the Cu indicators 
could indicate the presence of Cu-Au porphyry mineralisation (Hasmi 
et al., in press a). Obviously, the interpretation of the till composition 
needs to take into account the geological setting which needs to be 
favourable for porphyry mineralisation. In the Quesnel terrane of the 
Cordillera, a favourable setting for porphyry mineralisation includes 
Late Triassic to Early Jurassic felsic to intermediate intrusions 
(McMillan, 1991; McMillan et al., 1991, 1995, 1996; McMillan and 
Panteleyev, 1995; Logan and Mihalynuk, 2014). 

To test the geochemical and mineralogical indicators of Cu-Au 
porphyry mineralisation identified as part of this study, Plouffe and 
Ferbey (2015a) have revisited the regional till composition data ob-
tained as part of the Mountain Pine Beetle Program of the Geological 

Figure 16 – Bedrock geology legend for the Thuya and Takomkane 
batholith region opposite. 



Till composition near Cu-porphyry deposits in British Columbia 

29 

Figure 16 (cont.) – Copper in the clay-sized fraction of till in the region of the Thuya and Takomkane batholiths analysed by ICP-MS after an 
HCl:HNO3 leach (1:1) . The map includes the region of the Woodjam prospect. Data from Plouffe et al. (2010) and figure modified from 
Plouffe and Ferbey (2015a). Bedrock geology is simplified from Campbell and Tipper (1971), Schiarizza et al. (2002a, b), Schiarizza and 
Boulton (2006), Schiarizza and Bligh (2008), and Anderson et al. (2010). Also, it is based on the compilation presented in Plouffe et al. 
(2011b). Generalized ice flow from Plouffe et al. (2011b) and Ferbey et al. (2013). Note the ice divide around the 52 degree latitude. 
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Figure 17 – Gold grain counts with long axis varying from 0.015 to 0.700 mm in the shaking table concentrates normalized to 
10 kg bulk sediment (<2 mm) in the region of the Thuya and Takomkane batholiths. Bedrock geology legend is the same 
as Figure 16. 
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Figure 18 – Chalcopyrite grain counts in the 0.25-0.5 mm sized fraction and >3.2 s.g. density fraction of till normalized to 10 
kg bulk sediment (<2 mm) in the region of the Thuya and Takomkane batholiths. Bedrock geology legend is the same as 
Figure 16.. 
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practical in regions with a high potential for porphyry mineralisation 
such as the Quesnel and Stikine terranes. Processing all or a selected 
number of samples for indicator minerals is also recommended since 
till mineralogy provides additional key information on the mineralogy 
of the bedrock source. For example, at Mount Polley some till samples 
with background Au concentrations (<15 ppb in the silt and clay-sized 
fraction; <0.063 mm) also contained elevated numbers of gold grain 
(>15 grains per 10 kg) (Hasmi et al., in press a). Furthermore, in an 
hypothetical scenario where only the alteration zones of a fertile 
porphyry system were exposed to glacial erosion no high contents of 
commodity-metals would be detected in till. In this case, only the 
alteration minerals in the till would be indicative of the presence of 
buried porphyry mineralisation. Lastly, in a region of thick till such as 
Woodjam, the geochemical signal in till derived from mineralisation is 
diluted within a short distance down-ice from the mineralised bedrock 
source; only two samples located within one kilometre of the minerali-
sation returned elevated Cu concentrations (> 265 ppm) above con-
centrations observed in samples throughout the region (Fig. 19). On 
the other hand, at the same site, 10 samples contain greater than four 
chalcopyrite grains per 10 kg which is greater than the amounts ob-
served in regional samples (0 to 4 chalcopyrite grains/10 kg; Fig. 8). 
Plus, samples with elevated chalcopyrite grain counts (> 4 grains / 10 
kg) are located up to 3 km from known mineralised zones and define a 
mineralogical anomaly in till of about 6 by 3 km. 

mineralisation observed in till, we postulate that the northern sector of 
the Thuya batholith and the western margin of the Takomkane batho-
lith have potential to host porphyry-style Cu-Au mineralisation. 

Recommendations for mineral exploration for Cu 
porphyry mineralisation in glaciated landscape 

From the results presented above, we demonstrate that till compo-
sition (geochemistry and mineralogy) can reflect the presence of Cu 
porphyry mineralisation which was exposed to glacial erosion. Geo-
chemical and mineralogical anomalies identified in till can be traced 
to their bedrock source if the regional ice-flow history (detrital glacial 
transport direction) is taken into account. Depending on the available 
funds and the scope of a mineral exploration project (e.g., grass root 
exploration at a regional scale or detailed follow-up exploration at a 
property scale) different approaches are recommended. 

At a regional scale, till geochemistry based on a sample spacing of 
one to two kilometres would have defined the presence of elevated 
concentrations for multiple metals in till at the four study sites (e.g., 
Cu, Mo, Au, Zn, Hg). In a scenario were there is limited exploration 
funding available, till geochemistry alone could be sufficient to identi-
fy high metal contents or anomalies that could be derived from, and 
thus indicators of, porphyry mineralisation. This approach would be 

Figure 19 – Copper in the clay-sized fraction of till at the Woodjam prospect analysed by ICP-MS after an HCl : HNO3 
leach (1:1). Bedrock geology legend is the same as Figure 8. 
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rock samples from Mount Polley, collected as part of this project. In 
another study of magnetite composition in porphyry deposits of Brit-
ish Columbia, Bouzari et al. (2011a) demonstrated that in a variety of 
altered host rocks of porphyry deposits, magnetite grains display a 
pink core that is replaced by hematite interpreted to reflect the increas-
ing oxidation state of the porphyry system. 

The composition of other alteration minerals associated with 
porphyry mineralisation also has the potential to be tied to bedrock 
type and fertility. For example, epidote recovered from propylitic 
alteration zones associated with porphyry and skarn deposits in the 
Baguio district, Republic of the Philippines, has a chemistry which 
varies with distance from the deposit centres (Cooke et al., 2014). In 
their study, epidote contains higher concentrations of Cu, Mo, Au and 
Sn near the central potassic alteration zone and pathfinder elements 
(As, Sb, Pb, Zn, Mn) are enriched in epidote up to 1.5 km from the 
deposit centre. Similarly, given that Cu-sulphides and accessory min-
erals in supergene zones of porphyry deposits have heavy Cu isotopic 
signatures (Zhu et al., 2000; Mathur et al., 2009, 2010), the Cu isotop-
ic composition of those minerals recovered from transported sedi-
ments could be used to identify a supergene cap source. 

This brief overview of recent compositional work conducted on 
porphyry indicator minerals reveals the great potential of developing 
exploration methods based on the petrography and chemical composi-
tion of a wide variety of alteration and ore minerals associated with 
porphyry systems. Most of these studies were conducted on minerals 
recovered from bedrock; the abundance and chemistry of the same 
minerals in transported glacial and non-glacial sediments needs to be 
assessed (see also Bouzari et al., 2011a). In other words, do these 
indicator minerals survive transport in glacial and non-glacial environ-
ments and are they present in sufficient amounts in the till to be de-
tected? How extensive is their footprint in the transported medium? 
The development of indicator minerals for mineral exploration in 
glaciated and drift covered area should continue for porphyry-style 
mineralisation but also for other mineral deposit types. The develop-
ment of new exploration methods in glaciated areas is increasingly 
important given the increasing demand for a variety of metals and non
-metals on global markets and the known difficulty associated to their 
search in drift covered areas. 

Conclusion 
Results from the till orientation surveys conducted near four Cu 

porphyry deposits in British Columbia demonstrate that till geochem-
istry and mineralogy can detect Cu porphyry mineralisation that was 
exposed to glacial erosion and is now covered by glacial sediments. 
The porphyry mineralisation is reflected by the high concentrations of 
commodity metals (e.g., Cu, Mo, Au), pathfinder elements (e.g., Zn, 
Ag, Hg), ore minerals (e.g., chalcopyrite, gold grains) and alteration 
minerals (e.g., epidote, andradite garnet, apatite) in till. These ele-
ments and minerals can be dispersed over several kilometres from 
their bedrock source in the down-ice direction. Resulting dispersal 
trains have different shapes and lengths which are influenced by 
transport vectors (i.e., multiple ice-flow events) and in some cases 
multiple bedrock sources (e.g., cluster of sub-economic mineralised 
zones peripheral to the zones of economic mineralisation). Future 
research should include detailed studies on the physical and chemical 
characteristics of porphyry Cu indicator minerals that are diagnostic of 
a Cu porphyry source and its potential fertility. The development of 
mineral exploration methods using the geochemical and mineralogical 
composition of transported sediments should not be limited to 
porphyry deposits but should include other mineral deposit types. 

The same approach (that is collecting till samples for geochemical 
and mineralogical analyses) is recommended at a property scale where 
the objective might be to locate a bedrock source for advanced explo-
ration activity (e.g., drilling). In such a scenario, the spacing between 
till samples should be less than one kilometre. The orientation of the 
till sampling transect and the sample spacing need to take into account 
the potential shape of the bedrock source and ice-flow direction (e.g., 
Levson, 2001). Trenching and/or shallow drilling with light equipment 
might be required to facilitate the sampling of unweathered till at a 
depth greater than one metre or the sampling of till at various depth 
intervals if the till is thick (Plouffe, 1995; McMartin and McClena-
ghan, 2001). 

Publications in progress 
In addition to the references provided in the text above, a number 

of publications produced as part of this project have recently been 
published or are currently in progress. Surficial geology maps at 
1:50,000 scale are being prepared for each study site. The surficial 
geology map for Mount Polley mine area is published (Hashmi et al., 
2015) and the one for Highland Valley is in press (Plouffe and Ferbey, 
2015b). Surficial geology maps for Gibraltar and Woodjam are in an 
advance stage of production (i.e., aerial photograph interpretation is 
completed and data is being prepared for the final map). An open file 
report with all data on till geochemistry and mineralogy along with all 
the quality assurance and quality control data is being prepared (A. 
Plouffe and T. Ferbey, work in progress, 2015). One overview paper 
on till geochemistry and mineralogy at the four study sites is nearly 
completed and will be submitted to a peer review scientific journal in 
2015. One scientific paper on till geochemistry and mineralogy at 
Mount Polley is in press (Hasmi et al., in press a). This paper is part of 
the M.Sc. thesis of S. Hashmi at Simon Fraser University, under the 
supervision of B.C. Ward. The thesis includes a study of glacial dis-
persal from the Mount Polley deposit and the reconstructed glacial 
history of the region based on surficial geology mapping. A paper on 
glacial dispersal and till composition at the Gibraltar deposit and a 
second one for the Woodjam deposit are planned with first drafts ex-
pected to be completed in 2015. 

Future research 
Results from this project show how till geochemistry and mineral-

ogy can be used to explore for Cu porphyry mineralisation buried by 
glacial sediments. As with other research, this work has generated 
related questions; the answers to which could only further the mineral 
exploration method. For instance, can the geochemical compositions 
of porphyry indicator minerals, or their internal textures, be indicative 
of the bedrock source lithology and the fertility of the ore system? 
That question was partly addressed by Bouzari et al. (2010, 2011a, b) 
who demonstrated that apatite derived from unaltered and unmineral-
ised host rock at six porphyry deposits in British Columbia displays 
yellow to brown colors under cathodoluminescence compared to green 
and grey apatite in altered and mineralised rocks. The colour of the 
luminescence is controlled by the composition of apatite; lower Mn/Fe 
ratios in green apatite (mineralised source) compared to the yellow 
and brown apatite (unmineralised source). Chlorine, Na and S are also 
depleted in alteration apatite (Bouzari et al., 2011a). 

Similarly, the composition of magnetite (Ti, V, Mn, Ca, Al), a 
common accessory mineral occurring in a variety of rock types, can 
serve to discriminate different deposit types (e.g., Dupuis and 
Beaudoin, 2011). As indicated above, Piziak et al. (2015) and Gron-
dahl (2014) investigated the composition of magnetite in till and bed-
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Abstract: Indicator minerals methods for intrusion-hosted Sn and W deposits were tested at the intrusion-hosted 
Sisson W-Mo and Mount Pleasant Sn-W-Mo-Bi-In deposits in eastern Canada as part of the Geological Survey of 
Canada’s (GSC) Targeted Geoscience Initiative 4 (TGI 4). The program was a collaborative federal geoscience pro-
gram with a mandate to provide industry with the next generation of geoscience knowledge and innovative tech-
niques that will result in more effective targeting of buried mineral deposits. The case studies are a collaborative 
effort between the GSC, the New Brunswick Department of Energy and Mines (NBDEM), and the holders of the 
Sisson (Northcliff Resources Limited, Hunter Dickinson Inc.) and the Mount Pleasant (Adex Mining Inc.) deposits, 
and Laurentian University. 
The detailed till mineralogical + geochemical study described here is one of the first reported for major Sn-W depos-
its in glaciated terrain. Indicator minerals were examined in heavy mineral (>3.2 specific gravity) concentrates of 
bedrock and till samples from both deposits, as well as in stream sediment samples from the Sisson deposit area. The 
<0.063 mm fraction of till samples from both deposits was analysed geochemically using modified aqua regia 
(partial) and borate fusion (total) digestions. 
Indicator/pathfinder trace elements in till at the Sisson W-Mo deposit includes W, Mo, Cu, Zn, Pb, Ag, Bi, In, As, 
Cd, Zn, and Te. Indicator/pathfinder trace elements in till at the Mount Pleasant Sn-W-Mo-Bi-In deposit includes Sn, 
W, Mo, Bi, In, Ag, As, Cd, Cu, Pb, Re, Te, Tl, and Zn.  These element suites reflect the polymetallic nature of these 
deposits and the broader suite of elements that is now available using modern analytical methods such as inductively 
coupled plasma – mass spectrometry. The Mount Pleasant deposit is a significant source of indium and till down ice 
of the deposit contains some of the highest indium values (13 ppm) ever reported for till, indicating that till geochem-
istry can be an important exploration tool for In-bearing deposits. Indicator/pathfinder elements in stream sediment 
downstream of the Sisson deposit include W, Mo, Ag, As, Bi, Cd, Cu, In, Tl, and Zn. Indicator/pathfinder elements 
in stream water around the Sisson deposit include W, Mo, As, Cd, Cu, Cs, and Zn. 
Indicator minerals of the Sisson deposit identified in the 0.25-0.5 mm fraction of mineralised bedrock, till, and stream 
sediments include scheelite, wolframite, molybdenite, chalcopyrite, Bi minerals (joseite, native Bi, bismutite, bis-
muthinite), galena, sphalerite, arsenopyrite, spessartine, pyrrhotite, and pyrite. Indicator minerals of the Mount Pleas-
ant deposit identified in the 0.25-0.5 mm fraction of mineralised bedrock and till include cassiterite, wolframite, mo-
lybdenite, topaz, fluorite, galena, sphalerite, chalcopyrite, galena, arsenopyrite, pyrite, and loellingite. Additional but 
rare secondary indicator minerals of the Mount Pleasant deposit include beudantite, anglesite, and plumbogummite 
which formed by oxidation and weathering of the galena.  
The extensive suite of indicator minerals for both deposits reflects their polymetallic natures and the ability of mod-
ern indicator mineral methods to recover these minerals. Indicator minerals present in the coarse (0.5-2.0 mm) heavy 
mineral fraction of till indicate proximity to the mineralised source.  A commercial service is now available to sys-
tematically determine the scheelite contents of heavy mineral concentrates using its short wave ultraviolet light fluo-
rescence. This service will provide consistent scheelite results within, and between, heavy mineral sampling surveys. 
Fluorite abundance was shown to be most abundant in the 3.0-3.2 SG (mid-density) fraction of till and can be readily 
recovered by including a mid-density heavy liquid separation as part of the processing procedures. 
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Introduction 
Few case studies have been conducted around significant Sn and 

W deposits to identify their indicator mineral and geochemical signa-
tures in glaciated terrain. The Sisson W-Mo and Mount Pleasant Sn-W
-Mo-Bi-In deposits (Fig. 1) in eastern Canada provide ideal sites to 
test/demonstrate these exploration methods for intrusion-hosted Sn 
and W deposits. These deposits were chosen because: (1) their bed-
rock geology is well known; (2) mineralisation was exposed to glacial 
erosion and they are till covered; and, (3) till geochemical dispersal 
trains have already been identified down ice from the deposits and 
thus, zones where metal-rich till occurs at surface are defined and can 
be targeted for indicator mineral sampling. The two studies were car-
ried out as part of the Geological Survey of Canada’s (GSC) Targeted 
Geoscience Initiative 4 (TGI 4) Program, a collaborative federal geo-
science initiative with a mandate to provide industry with the next 
generation of geoscience knowledge and innovative techniques that 
will result in more effective targeting of buried mineral deposits. The 
case studies are a collaborative effort between the GSC, the New 
Brunswick Department of Energy and Mines (NBDEM), and the hold-
ers of the Sisson (Northcliff Resources Limited, Hunter Dickinson 
Inc.) and the Mount Pleasant (Adex Mining Inc.) deposits, and Lau-
rentian University. 

The purpose of this report is to provide an overview of the indica-
tor mineral and geochemical research results for the two deposits. 
Detailed results are reported in the GSC open files, field guide, and 
journal paper listed in Table 1. Both deposits are located in the west-
central part of New Brunswick and are hosted in Late Silurian to Early 
Devonian plutonic rocks that form a northeast-trending belt underly-
ing the Miramichi Highlands in central New Brunswick (Fig. 1). In 
related TGI 4 studies, the GSC also studied indicator mineral and till 
geochemical signatures for porphyry Cu-Mo-Au deposits in central 
British Columbia. These results are also reported in this volume 
(Plouffe and Ferbey, 2015). 

Sisson deposit geology 
The bedrock geology of the Sisson deposit area is summarized 

below from Nast and William-Jones (1991), Marr (2009), Fyffe et al. 
(2008, 2010), Rennie et al. (2013), and Bustard et al. (2013). The de-
posit occurs at the eastern contact of the Nashwaak Granite and How-
ard Peak Granodiorite plutons (Fig. 2). The Howard Peak Granodio-
rite grades eastward into, and becomes intermixed with, gabbro. Gran-
ite dykes that are likely offshoots of the Nashwaak Granite transect 

both the gabbro and granodiorite. East of the Howard Peak Granodio-
rite are Ordovician Tetagouche Group rocks that include the Turnbull 
Mountain Formation tuffaceous volcanic and sedimentary rocks, Hay-
den Lake Formation pyritiferous black shale intercalated with felsic 
volcanic rocks, and Push and Be Damned Formation mafic volcanic 
rocks, wacke and shale. Also to the east are the Cambro-Ordovician 
Miramichi Group quartzite and shale of the Knights Brook Formation. 

The Sisson deposit is a bulk tonnage W-Mo intrusion-related de-
posit that consists of four wide and steeply dipping zones of vein and 
fracture-controlled W and Mo mineralisation that straddle the strongly 
sheared eastern contact of the Howard Peak Granodiorite (Figs. 2, 3). 
Mineralisation is likely related to the presence of a buried granitic 
stock at depth, which was the heat source for a hydrothermal system 
and metals. The deposit has elevated concentrations of Cu, Zn, Pb, Bi, 
and As that are directly related to late quartz-scheelite and sulphide-
rich veins. Ore minerals in the deposit include scheelite, minor wolf-
ramite, and molybdenite. Other sulphide, oxide and telluride minerals 
present are listed in Table 2. The Nashwaak occurrence is a small high
-grade Pb-Zn-Ag-Sb zone (Fig. 2) that subcrops under thin till cover 
approximately 900 m east of the Sisson deposit. This occurrence was 
originally interpreted as a volcanogenic massive sulphide showing but 
more recently has been interpreted to be a vein-type showing related 
to the Sisson mineralising system (Marr, 2009; Rennie et al., 2013). 

Bedrock outcrops on the Sisson property and surrounding area are 
rare due to the locally thick and continuous cover of till. Till thickness 
varies from <2 m to 20 m over the deposit, and is on average 8 m 
thick. Surface till in the area consist mainly of sandy Early Wiscon-
sinan lodgement till likely deposited by southeast glacial flow during 
the Caledonia Phase, and possibly reworked by south-southwest gla-
cial flow during the Middle to Late Wisconsinan (Escuminac Phase). 
This till is discontinuously overlain by up to 2.5 m thick, loose, very 
sandy till deposited by westward flowing ice during the late-glacial 
Collins Pond Phase (Younger Dryas) (Seaman and McCoy, 2008; 
Seaman, 2009; Fyffe et al., 2010; Stea et al., 2011). 

As part of a reconnaissance-scale till geochemical survey of cen-
tral New Brunswick, Lamothe (1992) identified a 10 km long glacial 
dispersal train trending southeast from the Sisson deposit that was best 
defined by W, Cu, Pb, Zn, and Mo contents in till. More recently, 
Seaman (2001, 2002, 2003, 2007, 2012) and Seaman and McCoy 
(2008) identified elevated concentrations of W, As, Bi, Cd, Cs, Cu, In, 
Mo, Sn, and Zn in till up to 40 km southeast of the deposit. This gla-
cial dispersal train is discontinuous in places due to local reworking 
during subsequent Late Wisconsinan glacial phases. 

Table 1 – List of publications reporting indicator mineral and till geochemical data for the TGI-4 Sisson and Mount Pleasant deposit case 
studies: GSC open files, one journal paper, and one field trip guide book. 
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Figure 1 – Bedrock geology of west-central and southern New Brunswick showing the location of the Sisson W-Mo deposit, 
the Mount Pleasant Sn-W-Mo-Bi-In deposit, and other intrusion-hosted deposits (modified from Fyffe et al., 2010). 
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Figure 2 – Proportional dot map of W (borate fusion/ICP-MS) abundance in the <0.063 mm fraction of surface till samples around the Sisson 
W-Mo deposit. Known dispersal train outlined was identified using data from this study combined with that from Seaman and McCoy 
(2008). Bedrock geology modified from Smith and Fyffe (2006a, b, c, d). Deposit outline in black is from Rennie et al. (2013) (modified 
from McClenaghan et al., 2013c, 2014b). 
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Figure 3 – Proportional dot map of Pb (modified aqua regia /ICP-MS) abundance in the <0.063 mm fraction of surface till samples around the 
Sisson W-Mo deposit. Bedrock geology modified from Smith and Fyffe (2006a, b, c, d). Deposit outline in black is from Rennie et al. 
(2013) (modified from McClenaghan et al., 2013c, 2014b). 
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Mount Pleasant deposit geology 
The bedrock geology of the Mount Pleasant deposit is summarized 

below from Kooiman et al. (1986), Invemo and Hutchinson, (2004), 
Sinclair et al. (2006), McCutcheon et al. (2010), and McCutcheon et 
al. (2013). The deposit is within two subvolcanic intrusions in the Late 
Devonian Mount Pleasant Caldera Complex along the north flank of 
the Saint George Batholith. The McDougall Brook Granitic Suite is 
related to the early stages of caldera development, and the Mount 
Pleasant Granitic Suite is related to the late stages of caldera develop-
ment. The deposit consists of Sn, W, Mo, Bi, and In mineralisation 
that is genetically related to highly evolved granites of the Mount 
Pleasant Granitic Suite (Granites I, II and III) that are enriched in 
incompatible elements F, Li, Rb, Cs, U, Th, and Nb. Granite I and the 
related breccia hosts W-Mo-Bi mineralisation and Granite II hosts Sn-
In mineralisation. Two mineralised zones outcrop or subcrop, the 
North Zone, and the Fire Tower Zone (Fig. 4), and thus likely contrib-
uted mineralised debris to overriding glaciers. 

The North Zone consists of older W-Mo mineralisation and 
younger Sn-In mineralisation, some of which is at or near surface. The 
Sn-In zones contain cassiterite, arsenopyrite, loellingite, sphalerite, 
and chalcopyrite as well as the other sulphide minerals listed in Table 
3. The Fire Tower Zone contains predominantly large, low-grade W-
Mo deposits with some small In-bearing Sn-base metal resources. The 
main ore minerals are wolframite and molybdenite and minor native 
bismuth, and bismuthinite. Gangue minerals include cassiterite, arse-
nopyrite, and loellingite, quartz, topaz, and fluorite. The Fire Tower 
Zone also contains small In-bearing Sn-base metal zones in irregular 
veins and breccias consisting mainly of cassiterite and wolframite 
along with the sulphide minerals listed in Table 3. Indium in the 
Mount Pleasant deposit occurs mainly as a solid solution between 

sphalerite and roquesite, but also in chalcopyrite and stannite (Sinclair 
et al., 2006). 

Riddell (1967) was the first to describe the till geochemical signa-
ture of the Mount Pleasant deposit. He analysed over 2500 soils devel-
oped on till for Sn, Mo, Cu, Pb, and Zn. Metal contents are highest in 
soils overlying the North and Fire Tower Zones and to the southeast. 
Distribution patterns reflected glacial dispersal to the southeast from 
the two zones as well as subsequent mechanical dispersal and/or 
chemical dispersion of metals down the west and east flanks of the 
mountain. Szabo et al. (1975), building on the work of Riddell (1967), 
collected till samples instead of soil samples around the Mount Pleas-
ant deposit. Glacial dispersal southeast from the deposit was best de-
fined by Sn, As, Cu, Pb, and Zn in the 0.5-2.0 mm heavy mineral frac-
tion (>2.95 specific gravity (SG)) of till. 

Methods 
Sampling 

At both deposits, a small suite of mineralised and host rocks, and a 
larger suite of till samples were collected to examine their indicator 
mineral content. Till sampling locations, site descriptions, photo-
graphs, and sample depth information are reported in McClenaghan et 
al. (2013b, 2014a, b, 2015b). At each till sample site, three samples 
were collected: (1) a 8 to 15 kg sample for recovery of indicator min-
erals; (2) a 3 kg till sample for geochemical analysis of the matrix, 
textural determinations, and archiving; and, (3) a 200 g sample for in-
field testing using a portable XRF. At the Sisson deposit, 61 surface 
till samples were collected from trenches, road cuts, and hand-dug 
holes around and within the first 14 km of the known glacial dispersal 
train to optimize the chances of sampling metal-rich till at varying 

Table 2 – Indicator minerals in the Sisson W-Mo deposit and those found in till heavy mineral concentrates (HMC) from the TGI-4 study 
(from McClenaghan et al., 2013a, b). 
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Figure 4 – Proportional dot map of Sn (borate fusion/ICP-MS) abundance in the <0.063 mm fraction of surface till samples around the Mount 
Pleasant Sn-W-Mo-Bi-In deposit. Bedrock geology from McLeod et al. (2005). (Modified from McClenaghan et al., 2015b). 
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Table 3 – Indicator minerals in the Mount Pleasant Sn-W-Mo-Bi-In deposit and those found in till heavy mineral concentrates (HMC) from 
the TGI-4 study (from McClenaghan et al., 2014a, 2015b). 
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distances down ice (Figs 2, 3). To provide a regional context in which 
to interpret the new till geochemical data for the Sisson area, the ar-
chived <0.063 mm fraction of 39 till samples, previously analysed by 
NBDEM as part of their regional surveys, were analysed as part of the 
GSC analytical batch in 2011 and data are reported in McClenaghan et 
al. (2013c). At the Mount Pleasant deposit, 18 surface till samples 
were collected from road cuts or hand-dug holes around the North and 
Fire Tower zones (Fig. 4) within the first 2 km of the known glacial 
dispersal train. 

Stream sediment (silt + fine sand) and stream water samples were 
collected at 16 sites located upstream, overlying, and downstream 
(southeast) of the Sisson deposit using GSC National Geochemical 
Reconnaissance (NGR) sampling protocols (McClenaghan et al., 
2015c). At each site, three samples were collected: (1) a 9 to 14 kg 
stream sediment sample for recovery of indicator minerals; (2) a 200 g 
fine grained (silt+fine sand) stream sediment sieved to <0.177 mmm 
for geochemical analysis; and, (3) a 60 ml filtered (0.45 μm) stream 
water sample for geochemical analysis. 

Geochemical analysis 
The <0.063 mm (-250 mesh) fraction of till was geochemically 

analysed at a commercial laboratory (ACME Analytical Laboratories, 
Bureau Veritas Company, Vancouver, BC), using a modified aqua 
regia (HCl:HNO3 1:1) /ICP-MS on 0.5 g, and lithium metaborate/
tetraborate fusion followed by nitric acid digestion/ICP-ES, ICP-MS 
on 0.2 g. As a result of the lower and variable recovery of W and Sn 
by the aqua regia digestion in this study (McClenaghan et al., 2013c), 
only the total W and Sn values determined by fusion/ICP-MS are 
described and plotted here. Detailed descriptions of analytical meth-
ods, monitoring of analytical accuracy and precision using blind dupli-
cates, CANMET certified reference standards, and silica sand blanks 
along with the data listings are reported in McClenaghan et al. (2013b, 
c, 2015c). 

The <0.177 mm (-80 mesh) fraction of stream sediment was geo-
chemically analysed at a commercial laboratory using modified aqua 
regia/ICP-MS on 0.5 g and by Instrumental Neutron Activation Anal-
ysis (INAA) on ~30 g. Filtered stream water samples were acidified 
within 48 hours of arrival at GSC with 0.5 ml 8M HNO3 and analysed 
for trace metal and major elements at GSC Laboratories, Ottawa. De-
tailed descriptions of analytical methods, monitoring of analytical 
accuracy and precision using blind duplicates and CANMET certified 
reference standards, and data listings for stream sediment and water 
samples are reported in McClenaghan et al. (2013b, 2015c). 

Indicator mineral Analysis 
All bedrock, till, and stream sediment samples were processed at 

the commercial heavy mineral processing laboratory, Overburden 
Drilling Management Limited (ODM) to recover the heavy mineral 
concentrate (HMC) and determine the abundance of indicator minerals 
in each sample. Prior to processing, bedrock samples were disaggre-
gated using an electric pulse disaggregator instead of a conventional 
rock crusher to preserve natural grain sizes, textures, and shapes. The 
<2.0 mm fraction of each bedrock, till, and stream sediment sample 
was processed to produce a non-ferromagnetic HMC for selection of 
indicator minerals using the tabling and heavy liquid (3.2 SG) proce-
dures outlined in McClenaghan et al. (2013a, b, 2014a, b, c, 2015a, c). 
The mid-density fraction mineral fraction (3.0-3.2 SG) was also sepa-
rated for the Mount Pleasant till samples to allow for the determina-
tion of fluorite and tourmaline content. The 0.25-0.5, 0.5-1.0, and 1.0-

2.0 mm non-ferromagnetic HMC and the 0.25-0.5 mm mid density 
fractions of samples were then examined. Potential indicator minerals 
of Sn-W mineralisation were examined and counted and some grains 
removed for detailed study. In collaboration with ODM, a systematic 
method was developed to examine individual heavy mineral concen-
trates inside a black box using short wave ultraviolet light to rapidly 
and efficiently determine their scheelite content. Under visible light, 
scheelite has an unremarkable pale yellow colour, but under short 
wave ultraviolet light it has a diagnostic bright bluish white fluores-
cence. 

Till geochemical results 
The term ‘indicator element’ is used here to refer to an element 

that is an economically valuable component of the ore being sought 
and which may be used to detect an orebody. The term ‘pathfinder 
element’ refers to non-ore elements associated with the orebody that 
may be used to detect the orebody (Rose et al., 1979). 

Sisson 
Indicator elements for the Sisson deposit include W (Fig. 2) and 

Mo and pathfinder elements include Cu, Zn, Pb, Ag, Bi, In, As, Cd, 
Zn, and Te. This suite of elements is more extensive than the few 
elements (W, Mo, Cu, As, and F) identified in earlier studies by Snow 
and Coker (1987), Lamothe (1992), and Seaman and McCoy (2008). 
The <0.063 mm fraction of till sampled in this study clearly detects 
glacial dispersal at least 14 km to the southeast and confirms the ob-
servations of a southeast-trending glacial dispersal train reported in 
the earlier studies. Elevated concentrations of Ag, As, Cu, In, Pb (Fig. 
3), Te, and Zn in till east and northeast of the Sisson deposit may re-
flect (1) glacial dispersal from a more distal expression of the Sisson 
mineralised system, such as the Nashwaak occurrence, or (2) glacial 
dispersal from metal-rich Silurian-Ordovician Tetagouche Group sedi-
mentary rocks that are unrelated to the intrusion. These elevated metal 
concentrations may warrant further investigation to determine their 
bedrock source. 

Mount Pleasant 
Indicator elements for the Mount Pleasant deposit include Sn (Fig. 

4), W, Mo, Bi, and In (Fig. 5). Pathfinder elements include Ag, As, 
Cd, Cu, Pb, Re, Te, Tl, and Zn. This suite of elements is significantly 
larger than (Sn, Mo, Cu, Pb, Zn) that identified by Riddell (1967) and 
Szabo et al. (1975) in their earlier geochemical studies of the deposit. 
The <0.063 mm fraction of till sampled in this study is metal-rich at 
least 1 km to the southeast and confirms the observations of a south-
east-trending glacial dispersal train reported by Szabo et al. (1975). 
Samples 0.5 km to the northwest of the North Zone also have elevated 
contents of Sn, In, Ag, Cd, Zn, and Pb that likely reflect the presence 
of a small mineralised zone in this area. The Mount Pleasant deposit is 
a significant source of In and this study is one of the first to report In-
rich till. Three till samples overlying the mineralised zones and one 
down-ice (southeast) of the North Zone contain 2.79 to 13.08 ppm In 
(Fig. 5), some of the highest In values ever reported for till. 

Stream sediment and water geochemical results 
Indicator/pathfinder elements in the <0.177 mm fraction of stream 

sediment downstream of the Sisson deposit include W, Mo, Ag, As, 
Bi, Cd, Cu, In, Tl, and Zn. Indicator/pathfinder elements in stream 
water around the Sisson deposit include W, Mo, As, Cd, Cu, Cs, and 
Zn (McClenaghan et al., 2015c). 
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Figure 5 – Proportional dot map of In (modified aqua regia /ICP-MS) abundance in the <0.063 mm fraction of surface till samples around the 
Mount Pleasant Sn-W-Mo-Bi-In deposit. Bedrock geology from McLeod et al. (2005). (Modified from McClenaghan et al., 2015b). 
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Figure 6 – Proportional symbol map of scheelite abundance in the 0.25-0.5 mm non-ferromagnetic fraction of surface till samples (red dots) and 
stream sediments (black triangles) around the Sisson W-Mo deposit. Bedrock geology modified from Smith and Fyffe (2006a, b, c, d). De-
posit outline in black is from Rennie et al. (2013) (modified from McClenaghan et al., 2014a). Bedrock legend same as in Figure 3. 
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Indicator mineral results 
Sisson 

The primary Sisson ore minerals recovered from bedrock, till, and 
stream sediment samples include scheelite (Fig. 6), wolframite, and 
molybdenite (Table 2). They are heavy minerals that are visually dis-
tinct (Fig. 7) and easily recovered by the common surficial sample 
processing method that uses tabling + heavy liquids (McClenaghan, 
2011). Additional indicator minerals include chalcopyrite, Bi-rich 
minerals (joseite, native Bi, bismutite, bismuthinite), galena, sphaler-
ite, arsenopyrite, spessartine, pyrrhotite, and pyrite. These minerals 

are most abundant in the 0.25-0.5 mm fraction of till. Coarse (0.5-2.0 
mm) indicator minerals are present in till up to 4 km down ice of the 
deposit. 

Mount Pleasant 
Indicator minerals in bedrock and till at the Mount Pleasant depos-

it (Table 3) include the main ore minerals, cassiterite (Fig. 8), wolf-
ramite, and molybdenite, as well as topaz, galena, sphalerite, chalco-
pyrite, galena, arsenopyrite, pyrrhotite, pyrite, and loellingite in the 
>3.2 SG fraction of till, and fluorite in the 3.0-3.2 SG fraction (Fig. 9). 
Useful indicator minerals also include secondary Pb sulphate minerals 

Figure 7 – Colour photographs of indicator mineral grains from bed-
rock samples from Sisson W-Mo deposit: a) scheelite in the 0.5-
1.0 mm fraction of rock sample 11-MPB-R07; b) wolframite in 
the 0.25-0.5 mm fraction of rock sample 11-MPB-R06; c) mo-
lybdenite in the 0.5-1.0 mm fraction of rock sample 11-MPB-
R01; d) chalcopyrite in the 0.5-1.0 mm fraction of rock sample 
11-MPB-R05; e) pyrite in the 0.5-1.0 mm fraction of rock sam-
ple 11-MPB-R01. 
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Figure 8 – Proportional dot map of cassiterite abundance in the 0.25-0.5 mm non-ferromagnetic fraction of surface till samples around the 
Mount Pleasant Sn-W-Mo-Bi-In deposit. Bedrock geology from McLeod et al. (2005). 
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Figure 9 – Colour photographs of indicator mineral grains from till in the Mount Pleasant deposit area: a) prismatic brown cassiterite grains in 
the 0.25-0.5 mm fraction of sample 12-MPB-1020; b) brown irregular shaped cassiterite grains with adhering quartz in the 0.25-0.5 mm 
fraction of sample 12-MPB-1020; c) wolframite in the 0.25-0.5 mm fraction of sample 12-MPB-1004; d) topaz in the 0.5-1.0 mm fraction of 
sample12-MPB-1004; and e) fluorite in the 0.5-1.0 mm fraction of 12-MPB-1008; f) tourmaline in the 0.25-0.5 mm fraction of sample 12-
MPB-1007; g) beudantite in the 0.25-0.5 mm fraction of sample 12-MPB-1002; h) anglesite in the 0.25-0.5 mm fraction of sample 12-MPB-
1004; i) eulytite in the 0.25-0.5 mm fraction of 12-MPB-1002; j) ziarite in the 0.25-0.5 mm fraction of 12-MPB-1019. Photographs taken by 
Overburden Drilling Management Ltd. 
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beudantite (PbFe3(AsO4)(SO4)(OH)6) and anglesite (Pb(SO4)) and the 
Pb phosphate mineral plumbogummite (PbAl3(PO4)2(OH)5H2O), 
which formed from the oxidation and weathering of galena (Fig. 9). 
Samples 0.5 km to the northwest of the North Zone also have elevated 
contents of cassiterite, tourmaline, pyrite and anglesite that likely 
reflect the presence of a small mineralised zone in this area. Collec-
tively, the indicator minerals identified in this study reflect the pres-
ence of Sn mineralisation as well as the polymetallic nature of the 
deposit. These minerals are most abundant in the 0.25-0.5 mm fraction 
of till. Coarse (0.5-2.0 mm) indicator minerals are present in till within 
<1 km down ice of each zone. 

Scheelite mineral chemistry 
Scheelite (CaWO4) varies from a common to an accessory phase 

in a variety of hydrothermal ore-deposit settings, including Cu-Mo-W 
porphyry systems, skarns and vein Sn-W. Scheelite is an economically 
important source of W, but can also, by association, be an important 
indicator of ore minerals in other deposit types, such as Au systems 
(De Smeth, 1985; Robert and Brown, 1986). Because scheelite is a 
common indicator mineral in surficial sediments (Averill, 2001; 

Horsnail, 1979; Hosking 1982; Ottensen and Theobald, 1994), a de-
tailed study of scheelite grains from 37 deposits was carried out as 
part of this TGI 4 study to determine if chemistry of scheelite grains in 
surficial sediments could be used to identify their ore-deposit setting. 
This research was carried out at Laurentian University, Sudbury as a 
M.Sc. thesis supported by the GSC’s Research Affiliate Program 
(RAP). Preliminary results have been reported in numerous confer-
ence abstracts, posters, and talks (Poulin et al., 2013a, b, 2014a, b). A 
variety of analytical methods were used to fully characterize and de-
velop a chemical database (e.g., trace elements, stable isotope (δ18O), 
cathodoluminescence). Results indicate that scheelite is a chemically 
complex mineral exhibiting large ranges in the investigated parame-
ters, including: (1) zonation, varying from absent to normal, oscillato-
ry and discordant; (2) minor-element composition, in particular highly 
variable As and Mo concentrations; (3) trace-element chemistry, spe-
cifically the REEs which vary in terms of ∑REEs, degree and type of 
fractionation pattern observed (flat, convex, concave), and type and 
magnitude of the Eu anomalies (positive or negative); and (4) isotope 
chemistry, specifically δ18O ranging from -4.6 to +9.1‰. 

Figure 9 – Continued 
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Discussion 

Till geochemistry 
Most reports describing the use of till geochemistry for Sn and W 

exploration were published between the 1970s and early 1990s. The 
analytical methods used for Sn and W in these studies were highly 
specialized, required a separate and unique method just to determine 
W or Sn, and added to the cost of routine analytical methods used for 
other elements. Lithium meta/tetraborate fusion ICP-MS is now rou-
tinely used to determine the total concentration of Sn and W in sedi-
ments and is a fast and cost effective method. 

The extensive suites of indicator/pathfinder trace elements in till 
and stream sediments at Sisson, and in till at Mount Pleasant, reflect 
the polymetallic nature of the deposits as well as the ability of modern 
ICP-MS techniques to determine a broad suite of elements at low 
detection limits. The indicator/pathfinder element suites are more 
extensive than previously reported in published till studies around 
other Sn-W mineralisation (e.g. Steiger, 1977; Matilla and Peuranie-
mi, 1980; Toverud, 1984; Peuraniemi et al., 1984; Johansson et al., 
1986; Coker et al., 1988; Rogers et al., 1990). 

Indicator mineral results 
Most reports describing the use of indicator minerals for Sn and W 

exploration were published between the 1970s and early 1990s and 

were focused on the recovery of scheelite, wolframite, and cassiterite 
(e.g. Brundin and Bergström, 1977; Ottensen & Theobald, 1994). The 
heavy mineral recovery methods used in these older studies were 
highly specialized, specific to each study, not readily available in 
commercial laboratories, and applied only after a Sn or W-rich sam-
ples was geochemically identified. 

The extensive list of indicator minerals in till and stream sedi-
ments at Sisson and in till at Mount Pleasant, reflect the polymetallic 
nature of the deposits as well as the ability of modern indicator miner-
al methods to recover and recognize a broad range of minerals. The 
indicator minerals identified in these new studies are more extensive 
than previously published till studies around Sn-W mineralisation (e.g. 
Szabo et al. 1975; Brundin & Bergstrom 1977; Matilla and Peuranie-
mi, 1980; Toverud, 1984; Snow and Coker, 1987; Friske et al., 2001). 

Recovery of this broad list of indicator minerals is now consistent, 
routine and fast. The advantages of indicator mineral methods over 
traditional geochemical analysis of the heavy mineral or the <0.063 
mm fraction are that the mineral grains: (1) are visible and can be 
examined; (2) provide physical evidence of the presence of minerali-
sation or alteration; (3) provide information about the source that tra-
ditional geochemical methods cannot, including nature of the ore, 
alteration, and proximity to source; (4) equivalent of ppb detection 
levels when there are just a few grains (Brundin and Bergstrom, 1977; 
Averill, 2001). 

Table 4 – List of indicator mineral short course and workshop presentations given as part of the TGI-4 intrusion-hosted Sn-W research project. 
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Comparison of indicator minerals and till geochemistry 
In this study, not all till samples that contain cassiterite have corre-

sponding high Sn values in the <0.063 mm fraction. Not all till or 
stream sediment samples that contain scheelite or wolframite, have 
high W values. Conversely, samples with elevated Sn or W contents 
always contain indicator minerals. These patterns suggest that indica-
tor minerals can be more effective than till and/or stream sediment 
geochemistry for identifying the presence of Sn and W mineralisation. 

At Mount Pleasant, Cu, Pb, Zn, Ag, As, and In values are high for 
many of the till samples, however ore-associated sulphide mineral 
(e.g. galena, sphalerite, chalcopyrite, arsenopyrite) abundance in the 
same till samples is low to zero. Pb-bearing secondary minerals beu-
dantite, anglesite, and plumbogummite are present in these same till 
samples. These patterns indicate that sulphide minerals were either 
destroyed during pre- or post-glacial oxidation, or both. As a result, 
till geochemistry and the presence of secondary sulphate or phosphate 
minerals are useful for identifying the presence and polymetallic (Cu, 
Pb, Zn, Ag, As, and In) metal-rich debris glacially eroded from the 
deposit. 

Technology transfer 
Education and dissemination of information about the application 

of indicator mineral methods to mineral exploration have been a par-
ticular focus of this TGI 4 research activity, with special emphasis on 
intrusion-hosted Sn-W-Mo exploration. In addition to the publications 
listed in Table 1, overviews of indicator mineral methods and TGI 4 
research results have been presented at numerous workshops and short 
courses listed in Table 4. 

Conclusions and implications for exploration 
 The till geochemical + mineralogical studies reported here are 

among the first detailed studies around major Sn-W deposits in 
glaciated terrain. 

 A broad suite of indicator/pathfinder trace elements for both de-
posits was identified (Table 5) and these reflect the polymetallic 
nature of these Sn-W-Mo deposits and the broader suite of ele-
ments that is now available using modern ICP-MS techniques. In 
both case studies, the list of indicator/pathfinder elements is more 
extensive than previously identified in published soil and till geo-
chemical studies of Sn-W deposits in glaciated terrain. 

 The <0.063 mm fraction of till reflects glacial dispersal from both 
deposits, therefore, use of this till size fraction in regional explora-
tion programs for intrusion-hosted Sn-W-Mo deposits is recom-
mended. 

 The Mount Pleasant deposit is a significant source of indium and 
till down ice of the deposit contains some of the highest indium 
values ever published for till, indicating that till geochemistry can 
be an important exploration tool for detecting In-bearing deposits. 

 The study compared the efficiency of a modified aqua regia leach 
versus a lithium metaborate/tetraborate fusion followed by nitric 
acid digestion (total digestion) for determining metal contents in 
till. Results indicate that a total digestion is required to report the 
total concentration of Sn and W in till. The modified aqua regia 
leach is suitable for determining the other indicator and pathfinder 
elements. 

 Our study identified an area of elevated metal content in till east 
and northeast of the Sisson deposit overlying Ordovician rocks 
that warrants further investigation. The bedrock source of the 
elevated metal contents may be related to a small polymetallic 
occurrence east of the Sisson deposit or other unknown metal-rich 
rocks in the area. 

 Indicator minerals identified in the 0.25-0.5 mm fraction of miner-
alised bedrock, till, and stream sediments include a suite of Sn- 
and W- bearing minerals as well as sulphide, arsenide, telluride, 
and alteration minerals (Table 5). Additional but rare indicator 
minerals include beudantite, anglesite, and plumbogummite which 
formed by oxidation and weathering of the galena. The extensive 
suite of indicator minerals reflects the polymetallic nature of the 
deposits and the ability of modern indicator mineral methods to 
recover these minerals. 

 Indicator minerals are also present in the coarse (0.5-2.0 mm) 
HMC fraction of till samples that are proximal to the deposits, and 
thus indicator mineral size can provide some insights into glacial 
transport distance and proximity to the bedrock source. 

 Under short wave ultraviolet light, scheelite has a diagnostic 
bright bluish white fluorescence. A systematic method to rapidly 
and efficiently determine the scheelite content of heavy mineral 
concentrate using this fluorescence has been developed and is now 
commercially available from the laboratory Overburden Drilling 

Table 5 – Summary of indicator+pathfinder trace elements in till, stream sediments and stream water, and indicator minerals in bedrock, till and 
stream sediments at the Sisson W-Mo and Mount Pleasant Sn-W-M-Bi-In deposits. 
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Management Limited. This method will provide consistent and 
comparable scheelite counts for till and stream sediment samples 
within and between projects. 

 Fluorite abundance is greatest in the 3.0-3.2 SG mid-density frac-
tion of till as compared to the >3.2 SG heavy fraction. Thus, when 
exploring for deposits for which fluorite is an indicator mineral, 
the mid-density fraction of till should be examined. 

Future research 
Future studies on the mineral chemistry of scheelite and other physi-
cally and chemically robust minerals identified as part of this study 
(e.g. cassiterite) should be pursued. New indicator mineral recovery 
and chemical characterization methods are currently being developed 
to reduce sample size and analytical costs. Ongoing and future re-
search will focus on smaller size fractions of till that currently are not 
examined (i.e., <0.063 mm) and the applications of new and more 
accessible analytical instruments to indicator mineral studies (i.e., 
hyperspectral, mineral liberation analysis (MLA) express) (Layton-
Matthews et al., 2014). These developments will ultimately lead to the 
identification of new and/or improved indicator mineral methods of 
intrusion-hosted deposits and increased mineral exploration effective-
ness. 
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Abstract: The Connaigre Peninsula of south-central Newfoundland has long been considered to be amongst the most 
complete and best exposed sections of Neoacadian and older Avalonian rocks in the Appalachians. The rocks of this 
region range from the Cryogenian volcano-sedimentary rocks of the Tickle Point Formation (ca. 682 Ma rhyolite) to 
the Middle to Upper Devonian clastic sedimentary rocks of the Great Bay De L’Eau and Poole’s Cove formations 
and Late Devonian Belleoram Granite and Old Woman Stock (ca. 380 Ma). However the recent age determination of 
the Pass Island Granite that shows it as Silurian (423 ± 4 Ma), contradicts earlier interpretations that the whole of the 
Connaigre Peninsula formed on the Avalonian microcontinent. It is now evident that the eastern portion exhibits a 
distinct Neoproterozoic to Lower Palaeozoic tectonostratigraphy. 
Five distinct phases of granitoid emplacement are recorded across the Connaigre Peninsula. The oldest of these is the 
Furby’s Cove Intrusive Suite (ca. 673 Ma) that intruded the Tickle Point Formation prior to deposition of the Con-
naigre Bay Group. The later unit is in turn cut by the ca. 620 Ma Simmons Brook Intrusive Suite. All of these units 
are cut by a series of ca. 570 Ma intrusive bodies belonging to the Grole and Hardy’s Cove intrusive suites and Har-
bour Breton Granite. At the southern end of Hermitage Bay, Grole Intrusive Suite rocks are intruded by the Silurian 
Pass Island Granite. All of these units are restricted to a region between the Hermitage Bay Fault to the west and the 
White Horse – East Bay fault to the east. The youngest intrusive rocks in the region are the Late Devonian Belleoram 
and Old Woman granitic bodies, as well as a series of mafic sills and/or flows on the Boxey Point Promontory, and 
several minor granitic dykes and small bodies that are considered offshoots of the Belleoram Granite. These Late 
Devonian intrusions are only known to cut the Ediacaran Long Harbour Group, Latest Ediacaran to Upper Cambrian 
Young’s Cove Group and Devonian Cinq Isles, Poole’s Cove and Great Bay De L’Eau formations, which are restrict-
ed to (or in the case of the Cinq Isles and Poole’s Cove formations partly overlap) the areas to the east of the White 
Horse – East Bay fault. Given the different pre-Devonian tectonostratigraphies on either side of the White Horse – 
East Bay fault, the Connaigre Peninsula is herein informally divided into the Deadman’s Bight (western) and Wreck 
Cove (eastern) domains. 
Intrusion related mineralisation on the Connaigre Peninsula is largely restricted to Mo +/- Cu and fluorite occurrences 
associated with the Old Woman Stock. Similar Mo deposits occur within the coeval Ackley Pluton to the north-east 
and the associated minor intrusion on Belle Island. However to date no Mo mineralisation has been identified within 
the age equivalent Belleoram Granite, although minor fluorite occurrences are observed. 
 

Introduction 
The Connaigre Peninsula is situated on the south-central coast of 

Newfoundland between Fortune and Hermitage bays. These rocks 
have previously been assigned as Avalonian (e.g., O’Brien et al., 
1995; O’Brien, 1998), with the Hermitage Bay, which defines the 
north-western margin of the peninsula, considered as marking the 
Avalonia – Ganderia boundary zone in southern Newfoundland (Figs. 
1 and 2). The terms “Ganderia” and “Avalonia” are generally (but not 
completely) synonymous with the Gander and Avalon zones, respec-
tively, in the original terminology of Williams (1979) for the principle 
tectonostratigraphic divisions of the Appalachians in Newfoundland. 

As originally defined the Avalon Zone is situated to the east of the 
Appalachian “mobile belts” and represented the largest section of 
Proterozoic peri-Gondwanan rocks (Williams, 1979; O’Brien et al., 
1990). 

The Palaeozoic provenance and tectonic relationships between 
Avalonia and Ganderia remain a fundamental problem in understand-
ing the geological development of the Appalachians. Recent studies 
were conducted in this area as part of TGI 4 by the Geological Survey 
of Canada, in conjunction with the Geological Survey of Newfound-
land and Labrador (GSNL), as the bounding region between these 
blocks contains a number of intrusive bodies that have greisen style 



Rogers et al., 2015 

60 

mineralisation. These studies will better document and help determine 
the tectonic evolution of Ganderia and Avalonia during the Silurian 
and Devonian, and place a tectonic context on the formation of Late 
Silurian and Devonian magmatic rocks, and their accompanying min-
eralisation, and thus help define an advanced framework for targeted 
exploration for intrusion related Sn-W-Mo deposits. 

Geological framework 
The Newfoundland Appalachians form part of the Appalachian-

Caledonian Orogen that extends along the eastern margin of North 
America through the British Isles and Scandinavia into central Europe. 
It resulted from the Palaeozoic accretion of multiple terranes (arcs, 
microcontinents, oceanic material) to the eastern Laurentian margin 
during progressive closures of the Iapetus, Tornquist and Rheic ocean 
basins (van Staal et al. 1998; 2009). Tectonic amalgamation in New-
foundland was completed with the arrival of Avalonia by ca. 420 Ma, 
but the spatial relationship of the Avalon Zone to the remainder of the 
orogen at that time remains uncertain; deformation and reorganization 
continued into the Devonian and later with the Acadian and Neoacadi-
an orogenies (van Staal et al. 2009). 

Several Paleozoic intrusive suites were emplaced both into the 
Laurentian margin and into the outboard accreted terranes or zones 
during and after terrane accretion (Figs. 1 and 2). Appalachian-cycle 
magmatism in Newfoundland was voluminous, and in broad terms 
appears to young towards the southeast (Fig. 3). Ordovician intrusive 
rocks are predominantly exposed in the peri-Laurentian and, to a lim-
ited extent, peri-Gondwanan accretionary tracts (Notre Dame and 
Exploits subzones of Williams et al., 1988). Silurian to Early Devoni-
an intrusive rocks are abundant to the west of the Dover and Her-
mitage faults. Late Early to Late Devonian intrusive rocks are primari-
ly localised along eastern Ganderia and western Avalonia (e.g., Wil-
liams et al. 1989; Kerr 1997; Figs. 2 and 3). 

This study focuses on the timing and distribution of plutonic suites 
exposed on the Connaigre Peninsula to the immediate south-east of 
the Hermitage Bay Fault (Fig. 3). Granitoid rocks are abundant on 
both sides of the Hermitage Bay Fault (Fig. 3). To the northwest, these 
are largely Palaeozoic in age (Silurian (e.g., Galtois Granite – 421 ± 2 
Ma; Dunning et al., 1990) to Devonian (e.g., Indian Point Granite – 
ca. 403 Ma; G.R. Dunning unpublished age reported by O’Brien, 

Figure 1 – Distribution of Palaeozoic granitoids and interpreted tectonic subdivisions of the Appalachian Orogen in Newfoundland, New Bruns-
wick and Nova Scotia (modified after Hibbard et al. (2006), van Staal et al. (2009), Rogers et al. (2014) and references therein). 

Figure 2 – Thematic map of the geology of Newfoundland (modified 
after Hibbard et al., 2006), showing the Connaigre Peninsula. BL 
– Boogie Lake pluton; BVBL – Baie Verte-Brompton Line; CB – 
Cape Brule porphyry; CF – Cabot Fault; CLV – Charles Lake 
volcanics; CRF – Cape Ray Fault; DBL Dog Bay Line; DC – 
Duder Complex; DF – Dover Fault; GHF – Gunflap Hills Fault; 
GRB – Green Bay Fault; GRUBL – Gander River Ultrabasic Belt 
Line; HBF – Hermitage Bay Fault; HMT – Hungry Mountain 
Thrust; HR – Harry's River; IIG – Indian Islands Group; LB – 
Loon Bay pluton; LCF – Lobster Cove Fault; LPG – La Poile 
Group; LRF – Lloyds River Fault; LV – Laurenceton volcanic; 
MN – Meelpaeg Nappe; OBSZ – Otter Brook shear zone; PAV – 
Port Albert volcanic; PF – Pine Falls Formation; RF – Reach 
Fault; SL – Stony Lake volcanics; RIL – Red Indian Line; SLD – 
Star Lake Dam; VLSZ – Victoria Lake Shear Zone. NOTE: not all 
of the above features are referenced in the text of this field guide. 
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1998)), but to the east of the fault there are several generations rang-
ing in age from Neoproterozoic (ca. 620 Ma) to Late Devonian (ca. 
375 Ma). Some of the granitoid rocks in the region remain undated 
and field characteristics/geochemistry have proven to be insufficient 
to distinguish them from one another. This is illustrated by Harbour 
Breton Granite as originally defined by Widmer (1950) and mapped 
by Green and O’Driscoll (1976), prior to radiometric dating, including 
ca. 620 Ma Simmons Brook and ca. 476 Ma Old Woman granites in 
addition to the ca. 570 Ma granite at Harbour Breton. 

The Ganderian rocks (Gander Zone of Williams, 1979) to the west 
of the Dover and Hermitage faults consists of Cambrian to Ordovician 
clastic metasedimentary rocks that are poly-deformed and variably 
metamorphosed to greenschist facies and locally higher metamorphic 
grade, and intruded by the two voluminous granitic suites of Silurian 
and Devonian age. Well-developed deformation fabrics locally pre-
served in granitic rocks, particularly at the northeastern extent of on-
shore Ganderia, indicate that much of this deformation and metamor-
phism occurred during the Silurian, as a result of the Salinic orogeny 
(e.g., Dunning et al. 1990; Holdsworth, 1994; Schofield and D’Lemos 
2000; van Staal 1994; van Staal et al. 2008; 2009). 

In contrast, Avalonia (Avalon Zone of Williams, 1979) contains 
sub-greenschist facies Neoproterozoic volcanic, plutonic and sedimen-
tary rocks overlain by Cambrian-Ordovician platform cover sequenc-
es. Avalonia was generally affected by open folding during the latest 
Silurian to Devonian Acadian orogeny (Williams, 1993), but defor-

mation is locally complex near the Ganderia – Avalonia boundary. 
Here tight folds and associated thrusts formed under greenschist-facies 
conditions are locally preserved (Williams et al., 1995). 

In Newfoundland, the boundary between the Ganderia and Avalo-
nia has been correlated to the major shear zones of the Dover and 
Hermitage Bay faults (Fig. 2; Blackwood and Kennedy, 1975; Black-
wood and O’Driscoll, 1976). The Dover Fault is a shear zone up to 25 
km wide that has two documented phases of movement (Silurian duc-
tile, sinistral transpressive and Devonian or younger brittle-ductile, 
dextral; Dallmeyer et al., 1981; Hanmer, 1981; Holdsworth, 1994; 
D’Lemos et al., 1997). Seismic reflection studies indicate this to be a 
crustal-scale structure that offsets the Moho (Keen et al., 1986; Maril-
lier et al., 1989; Stockmal et al., 1990). Southwest of the Ackley Gran-
ite, the Hermitage Bay Fault forms a prominent brittle fault zone that 
has been interpreted as the continuation of the Ganderia - Avalonia 
boundary (e.g., Blackwood and O’Driscoll, 1976), but has a more 
subtle expression in seismic reflection data (Quinlan et al. 1992). 

U-Pb geochronology 
Four samples from the Connaigre Peninsula were collected for U-

Pb geochronology as part of a larger study of Silurian to Devonian 
magmatism in central and southern Newfoundland (Kellett et al., 
2014). These supplement previous U-Pb zircon ages presented in 
O’Brien et al. (1995), O’Brien (1998) and references therein (Fig. 4) 

Figure 3 – Outline geological map of Newfoundland showing tectonic zones after Williams (1979) and Siluro–Devonian plutonic suites. Sample 
locations and ages are shown. Ages in white boxes are new data; grey boxes are previously published data (see text for references). Map is 
modified from Rogers et al. (2014) and references therein, after Hibbard et al. (2006) and van Staal et al. (2009). 
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Figure 5 – Zircon U–Pb dating results for (a) VL-12-NF-01 (Taylor Brook Stock, Harbour Breton Granite); (b) RAX-11-NL-002 (Pass Island 
Granite); and (c) RAX-11-NL-006 (Old Woman stock). The left column displays concordia plots, and the right column displays weighted 
mean age plots and results. Error ellipses in the concordia plots are at the 2σ level, error bars are at the 1σ level. 
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and Re-Os decay molybdenite ages of Lynch et al. (2009; 2012) ob-
tained on the Leonard's Find Mo Showing in the Old Woman Stock 
and at the Belle Island Mo showing off the east coast of the peninsula 
(Fig. 4). 

Age determinations for samples RAX-11-NL-002, RAX-11-NL-
006 and VL-12-NF-01 are also presented in Kellett et al. (2014). 

Analytical techniques 
Sensitive High-Resolution Ion MicroProbe (SHRIMP II) 

Samples RAX-11-NL-002, RAX-11-NL-006 and VL-12-NF-01 
were comminuted and density separated using methylene iodide heavy 
liquid. A Frantz™ magnetic separator was used to isolate a non-
magnetic, zircon-rich separate. Zircons were hand-picked from this 
fraction and cast in 2.5 cm diameter epoxy mounts along with frag-
ments of the GSC laboratory standard zircon (z6266, with 206Pb/238U 
age = 559 Ma). The mid-sections of the zircons were exposed using 9, 
6 and 1 µm diamond compound, and mount surfaces were evapora-
tively coated with 10 nm of high purity Au. The internal features of 
the zircons (zoning, alteration, inclusions, etc.) were characterized 
using back-scattered electrons (BSE), as well as cathodoluminescence 
(CL) for zircon separates that exhibited zoning in CL, using a Zeiss 
Evo® 50 scanning electron microscope (Kellett et al., 2014). 

Spot selections, guided by BSE and CL-SEM images, were made 
to avoid fractures and inclusions, as well as to sample both core and 
rim regions of grains. SHRIMP analytical procedures followed those 
described by Stern (1997) for the SHRIMP installed at the Geological 
Survey of Canada in Ottawa, with standards and U-Pb calibration 
methods following Stern and Amelin (2003). Between 17 and 27 spots 
were sampled on 16 to 23 grains for each sample (Table 1; Fig. 5). 
Long-term external reproducibility of secondary standards on the 
SHRIMP is 1 % at the 2σ level, thus ages are reported with a 2σ exter-
nal error of 1 %. 

Thermal ionization mass spectrometry 
Heavy minerals were concentrated from geochronology sample 

RAX-11-NL-005 using standard crushing, grinding, and separation on 
a Wilfley table and by heavy liquid techniques. Mineral separates 
were sorted by magnetic susceptibility using a Frantz™ isodynamic 
separator and hand-picked using a binocular microscope. Analyses 
were performed using single zircon grains that were chemically abrad-
ed following the techniques of Mattinson (2005), including annealing 
for 48 hours at 1000°C prior to leaching with HF at 180°C for 16 
hours. Details of zircon morphology and quality are summarized in 
Table 2. U-Pb isotope dilution thermal ionization mass spectrometry 
(ID-TIMS) techniques utilized in this study are modified after Parrish 
et al. (1987) with treatment of analytical errors after Roddick (1987). 
Procedural blank levels were generally on the order of 0.5-1.0 pg for 
Pb. U-Pb ID-TIMS analytical result age uncertainties are presented at 
the 2σ level (Table 2). 

Harbour Breton Granite (Taylor Brook Stock) – 
47°40'36.21" N, 55°31'55.92" W 

Sample VL-12-NF-01 was collected from an intrusive body ex-
posed north of Hwy-362, approximately 7.8 km east of Poole’s Cove. 
The exposure was mapped by O’Brien (1998) as part of the Neoprote-
rozoic Taylor Brook Stock of the Harbour Breton Granite (Figs. 4 and 
6). At the sample locality, it is a fine-grained, deformed and foliated, 
pink-red, altered plagioclase-porphyritic monzogranite containing 
quartz phenocrysts and hornblende. The granite is pervasively cut by 
epidote-bearing veins. Locally the granite intrudes hornblende-bearing 

diorite, likely belonging to the Late Neoproterozoic Simmons Brook 
Intrusive Suite (O’Brien, 1998). 

The Late Neoproterozoic age of the Harbour Breton Granite 
(O’Brien et al., 1995 and references therein) was confirmed by sample 
VL-12-NF-001 yielding an age of 575 ± 6 Ma (Fig. 5a; Table 1). Po-
tential inheritance in this sample is indicated by a single ca. 604 Ma 
grain (Fig. 5a; Kellett et al., 2014). 

Pass Island Granite – 47°30'6.22" N, 55°59'46.03" W 
Sample RAX-11-NL-002 was collected from the Pass Island 

Granite, which occupies the southwestern tip of the Connaigre Penin-
sula between Connaigre and Hermitage bays. At the sampling site, a 
disused dimension-stone quarry, medium- to coarse-grained 
monzogranite containing hornblende and biotite outcrops (Figs. 4 and 
7). Kerr et al. (1993b) commented on the lithological and geochemical 
similarity between the Pass Island Granite and the Francois Granite on 
the south coast of Newfoundland (Fig. 3); on this basis the Pass Island 
Granite was consigned as Devonian. The granite is also petrograph-
ically and compositionally similar to several other intrusions from 

Figure 6 – Salmon pink to orange, feldspar porphyritic granite of the 
Neoproterozoic Taylor Brook Stock of the Harbour Breton Granite. 

Figure 7 - Homogeneous orange to pink, coarse-grained, equigranular biotite-
hornblende granite exposed in a disused dimension-stone quarry of the Late 
Silurian Pass Island Granite. 
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Table 1 – SHRIMP U-PB zircon results for samples RAX-11-NL-002, RAX-11-NL-006 and VL-12-NF-01. 
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central Newfoundland, including the Devonian Terra Nova and Ack-
ley granites. 

Contrary to the previous interpretations, this sample yielded a 
Silurian crystallization age of 423 ± 4 Ma (Fig. 5b; Table 1; Kellett et 
al., 2014). 

Old Woman Stock – 47°35'37.84" N, 55°30'39.64" W 
RAX-11-NL-006 was collected from the Road Cut Showing of the 

Old Woman Stock, a granite body that is exposed in the central part of 
the Connaigre Peninsula between Old Bay and Salmonier Pond. The 
Old Woman Stock at the sampling location, a large quarry adjacent to 
Hwy-362, is medium-grained, pink, K-feldspar-rich granite (Figs. 4 
and 8). The equigranular granite contains abundant vesicles or cavi-
ties, many of which are filled with epidote + quartz. The outcrops in 
the general area show strong sericitization and possible clay-mineral 
alteration (Kerr et al., 1993b). Sporadic molybdenite mineralization is 
developed within the granite. 

Zircon from the Old Woman Stock sample yielded a U-Pb age of 
376 ± 4 Ma (Fig. 5c; Table 1; Kellett et al., 2014). 

Belleoram Granite – 47°32’04.44" N, 55°25’17.3" W 
Sample RAX-11-NL-005 was obtained from an outcrop of the 

Belleoram Granite located on a trail approximately 300 m north of the 
community of Belleoram (Fig. 4). At the sampling site the Belleoram 
Granite consists of medium to fine grained, grey to light pink granodi-
orite (Fig. 9). The most distinctive feature of the Belleoram Granite is 
the presence of mm- to cm-scale, spheroidal mafic magmatic enclaves 
(Fig. 9b) that occur throughout the intrusion as well as within several 
dykes and minor intrusive bodies that have been correlated with the 
Belleoram Granite (O’Brien et al., 1995). 

The granite sample yielded a large number of high quality pris-
matic zircon crystals. Analysis of six single-grain fractions yielded 
two discordant analyses and a cluster of data overlapping concordia. U
-Pb ID-TIMS analytical results are presented in Table 2 and displayed 
in a concordia plot (Fig. 10), where age uncertainties are presented at 
the 2σ  level. A weighted average of the 206Pb/238U ages of the over-
lapping concordant to near-concordant analyses is calculated to be 
380.1 ± 1.0 Ma (MSWD=1.7, n=4), which is interpreted to be the 
crystallization age of the Belleoram granite. Analyses A16-4 and B16-
1 are interpreted to contain inherited components. 

Figure 8 – Late Devonian Old Woman Stock, orange to red microgranite con-
taining localised Mo mineralisation (Road Cut Showing). (a) Mineralisation 
associated with a metasomatically altered joint surface that forms part of a 
series with a generally northwest – southeast to north-northwest – south-
southeast orientation. (b) Mo mineralisation as fine-grained disseminations 
and larger crystals associated with small vugs. 

Figure 9 – Equigranular grey to pink, granodiorite, featuring mm- to cm-scale, 
spheroidal mafic magmatic enclaves, of the Late Devonian Belleoram 
Granite. 
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Updated tectonostratigraphy of the Connaigre 
Peninsula 

Tickle Point Formation 
The oldest known sequence on the Connaigre Peninsula is the 

Cryogenian, low-grade, arc-related volcanic rocks of the Tickle Point 
Formation (O’Driscoll, 1977; O’Brien et al., 1995; O’Brien, 1998). 
The distribution of the Tickle Point Formation is restricted to the 
western side of the peninsula (Fig. 4). This formation is primarily 
characterised by massive, calc-alkaline rhyolite flows, along with 
minor fine-grained felsic pyroclastic rocks and autobrecciated and/or 
flow-banded rhyolite. Mafic volcanic and clastic sedimentary rocks 
are also present, but have limited distribution. Towards the top of the 
formation, a distinctive unit of finely laminated to banded and inter-
nally brecciated carbonate rock is locally preserved (O’Brien et al., 
1995). This unit is often host to, or associated with, significant Zn- 
and Cu-rich VMS-style mineralization (Sears, 1990; O’Brien and 

O'Driscoll, 1994). Rhyolite flows from the type locality have yielded a 
U-Pb zircon age of 681 ± 3 Ma (Fig. 4; O’Brien, 1998, and references 
therein). 

Furby’s Cove Intrusive Suite 
The Cryogenian Furby's Cove Intrusive Suite (672 ± 3 Ma; O’Bri-

en et al., 1992a; O’Brien, 1998) intruded the Tickle Point Formation 
prior to deposition of the Connaigre Bay Group (Fig. 4; O’Brien et al., 
1995). The suite includes locally sheet-like granite and gabbro phases, 
with a pink to white, equigranular, blue-quartz granite and granodio-
rite being the most distinctive unit. The felsic and mafic units are lo-
cally intimately mixed and likely comagmatic. Near the Tickle Point 
Formation contact, the granite is affected by intense ductile shearing 
(O’Brien et al., 1995). The Furby's Cove Intrusive Suite also includes 
a bimodal dyke swarm that consists of hundreds of dykes cross-cutting 
the main granite and gabbro bodies and Tickle Point country rocks. It 
is likely that at least some of these dykes are related to the region’s 
extensive younger (Late Neoproterozoic?) magmatism. 

Connaigre Bay Group 
The Tickle Point Formation and Furby’s Cove Intrusive Suite 

rocks were deformed and exhumed prior to deposition of the lower 
Ediacaran Connaigre Bay Group (O’Brien et al., 1992a; 1995), such 
that the Connaigre Bay Group unconformably overlies various struc-
tural levels of both units. However, in most cases, the contact is tec-
tonised or masked by younger intrusions. The distribution of the Con-
naigre Bay Group is mainly limited to the immediate area around and 
to the north-east of Connaigre Bay in the central-west part of the pen-
insula (Fig. 4). 

The base of the Connaigre Bay Group is represented by marine 
siliciclastic rocks of the Sam Head Formation (Colman-Sadd et al., 
1979). This formation is mostly fine- grained, graded sandstone and 
argillite, except at its base, where coarse-grained cobble conglomerate 
and breccia lie unconformably on basement (O’Driscoll, 1977; O’Bri-
en et al., 1995). 

The Sam Head Formation is conformably overlain by the tholeiitic 
basaltic and andesitic flows and volcanic breccias of the Doughball 
Point Formation (O’Driscoll, 1977; O’Brien et al., 1995). Minor inter-
layered rhyolitic rocks have provided a U-Pb zircon age of 626 ± 3 Ma 
(R.D. Tucker, unpublished data; O’Brien et al., 1994). The top of the 
Connaigre Bay Group is represented by red to grey, terrestrial, clastic 

Figure 10 – Zircon U–Pb concordia plot for the Belleoram Granite 
(sample RAX-11-NL-05), where age uncertainties are presented 
at the 2σ level. 

Table 2 – U-Pb zircon ID-TIMS result for sample RAX-11-NL-005. 
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sedimentary rocks of the Downs Point Formation (O’Driscoll, 1977; 
Colman-Sadd et al., 1979). 

Simmons Brook Intrusive Suite 
The calc-alkaline Simmons Brook Intrusive Suite consists of grey, 

medium-grained, equigranular, hornblende-biotite granodiorite and 
tonalite, along with dark-grey to green, fine- to medium-grained dio-
rite and (to a lesser extent) gabbro (O’Driscoll, 1977; O’Driscoll and 
Strong, 1979; O’Brien et al., 1995). Minor pink to red, locally porphy-
ritic, alaskitic granite, which is effectively petrographically indistin-
guishable from younger intrusive rocks in the region, is also present 
within the suite (Fig. 11). A U-Pb zircon age of 621 ± 3 Ma has been 
obtained from foliated granodiorite (Fig. 4; R.D. Tucker, unpublished 
data; O’Brien et al., 1994). 

The Simmons Brook Intrusive Suite forms a 5- to 10-km-wide 
band, extending from Harbour Breton in the south, northeastward 
across the Connaigre Peninsula (Fig. 4). It intrudes Tickle Point For-
mation and Connaigre Bay Group rocks, with its eastern limit marked 
by an unconformable or faulted contact with younger units. 

Harbour Breton Granite and Grole and Hardy’s Cove 
intrusive suites 

Distribution of the middle Ediacaran Harbour Breton Granite and 
Grole and Hardy’s Cove intrusive suites are restricted to the western 
side of the Connaigre Peninsula, between the Hermitage Bay and 
White Horse – East Bay faults (Fig. 4; O’Brien et al., 1995; O’Brien, 
1998). They are intrusive into all of the older sequences; transecting 
structures indicating that there was likely to have been at least one 
phase of regional deformation in the period between the deposition of 
the Connaigre Bay Group and emplacement of the Simmons Brook 
Intrusive Suite and the intrusion of these units. 

The Harbour Breton Granite is the most aerially extensive of these 
three intrusive units, and is primarily emplaced into Simmons Brook 
Intrusive Suite rocks, and to a lesser extent into the Connaigre Bay 
Formation. It shares faulted contacts with the older Tickle Point and 
younger Poole’s Cove formations in the vicinity of Northeast Arm and 
Little Bay, respectively (Fig. 4; O’Brien, 1998). As originally defined, 
the Harbour Breton Granite (Widmer, 1950; Greene, 1975; Greene 

and O'Driscoll, 1976; Colman-Sadd et al., 1979) was considered to 
consist of two main and several smaller granitic bodies that were De-
vonian or younger. Subsequent studies determined that these granites 
were not all related and required division, such that only the Old 
Woman Stock is known to be Devonian (see later; O’Brien et al., 1995 
and references therein). The remaining units of the revised Harbour 
Breton Granite (O’Brien et al., 1992b; 1995; O’Brien, 1998) are dis-
tributed between the Jerseyman’s Harbour, Northeast Arm and Taylor 
Brook bodies (O’Brien, 1998) that occur at the north end of Northeast 
Arm between Little Bay and Harbour Breton, , and to the north of Old 
Bay, respectively (Fig. 4). Prior to this study only the Jerseyman’s 
Harbour body had been dated, with a U-Pb zircon age of 570 ± 3 Ma 
(G.R. Dunning unpublished age reported in O’Brien et al., 1995). This 
has now been supplemented by the addition of the 575 ± 6 Ma age for 
the Taylor Brook Stock (Figs. 4 and 5a; Kellett et al., 2014). 

The Harbour Breton Granite is comprised of mostly fine- to medi-
um-grained, equigranular, red and orange alaskite and biotite (± horn-
blende) granite (Fig. 6), with minor microgranitic and medium-
grained, porphyritic granite/monzogranite regions. 

The Hardy's Cove Intrusive Suite (Elias and Strong, 1982) is an 
elongate, northeast-trending pluton that intrudes Tickle Point For-
mation and Connaigre Bay Group rocks near the head of Hermitage 
Bay (Fig. 4; O’Brien, 1998). The suite comprises pink to orange, me-
dium-grained equigranular (± biotite) granite, along with minor buff to 
grey, medium-grained granodiorite, and grey to green, medium-
grained diorite. 

The Grole Intrusive Suite (O’Brien et al., 1992a) is mostly located 
between Connaigre and Hermitage bays (Fig. 4), although a few 
small, correlated bodies intrude Simmons Brook rocks to the north of 
Old Bay. This unit consists of black and dark-green to grey, medium- 
to coarse-grained gabbro with dark-grey, medium-grained quartz-
diorite and diorite. Both the main body and one of the correlated bod-
ies have been dated at 567 ± 3 Ma (O’Brien et al., 1994; R.D. Tucker, 
unpublished data). 

Long Harbour Group 
The middle to upper Ediacaran Long Harbour Group (568 ± 5 Ma 

to 552 ± 3 Ma (O’Brien et al., 1994; R.D. Tucker, unpublished data)) 
is restricted to the east of the White Horse – East Bay fault on the 
Connaigre Peninsula (Fig. 4; Williams, 1971; O’Brien et al., 1995; 
O’Brien, 1998). In this area the Long Harbour Group consists of the 
Belle Bay, Mooring Cove and Rencontre formations that have in part 
experienced contact metamorphism from adjacent Devonian intrusions 
(O’Brien, 1998). 

The basal Belle Bay Formation comprises a thick succession of 
bimodal volcanic and epiclastic sedimentary rocks. In the type locali-
ty, north of Fortune Bay, these rocks are conformably overlain by the 
sedimentary Anderson’s Cove Formation that in turn is conformably 
overlain by bimodal volcanic rocks of the Mooring Cove Formation. 
The local absence of the Anderson’s Cove Formation, as is the case on 
the Connaigre Peninsula, has been interpreted as indicating a regional 
disconformity (H. Williams, personal communication reported in 
O’Brien et al., 1995). The uppermost unit in the group is represented 
by the conformably to disconformably overlying clastic sedimentary 
rocks of the Rencontre Formation. 

Young’s Cove Group 
The Young’s Cove Group form a thick sequence (in excess of 

1000m) that range from the latest Ediacaran to Early Cambrian Chapel 
Island Formation to the Late Cambrian Salmonier Cove Formation; 

Figure 11 – Simmons Brook Intrusive Suite pink to red, alaskitic  
granite. 
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the later unit consisting predominantly of black shale (White, 1939; 
Williams, 1971; Narbonne et al., 1987; O’Brien et al., 1995; O’Brien, 
1998). The high sedimentation rate associated with the relatively 
slight palaeobathymetric variation (Myrow and Hiscott, 1993) sug-
gests that these rocks formed in an extensional basin on the Avalonian 
passive margin. It is not known if the hiatuses within the group reflect 
local tectonic and/or global sea-level effects. 

The typically grey, micaceous siltstone and thin-bedded siliceous 
sandstone of the Chapel Island Formation conformably overlies the 
Long Harbour Group. Locally the unit contains abundant Lower Cam-
brian trace fossils (Crimes and Anderson, 1985; Myrow, 1987; Nar-
bonne et al., 1987) and is believed to transect the Proterozoic – Palae-
ozoic boundary (Narbonne et al., 1987). Notably, the Chapel Island 
Formation, together with the Devonian granitic rocks of the Old 
Woman Stock, define a ca. 2 to 4 km wide boundary zone between the 
Devonian sedimentary Great Bay De L’Eau and Poole’s Cove for-
mations (see later; O’Brien, 1998). In this area pyritiferous gossans 
are locally well developed within the Chapel Island Formation, likely 
in relation to metasomatism/mineralisation effects from the adjacent 
Old Woman intrusion. 

The Chapel Island Formation is transitionally/conformably over-
lain by the primarily white, cross-bedded orthoquartzite of the Ran-
dom Formation. This unit is also believed to be Lower Cambrian in 
age (O’Brien et al., 1995). On the Connaigre Peninsula the Random 
Formation occurs as unconformable and/or fault bounded blocks near 
Blue Pinion Cove, Otter Cove Point and Boxey Point (Fig. 4; O’Brien, 
1998). At these sites and elsewhere the Random Formation is discon-
formably overlain by the early Middle Cambrian Chamberlain’s 
Brook Formation (O’Brien et al., 1995). This disconformity is locally 
represented by a section of pebble conglomerate. 

The black shale and minor grey, fine-grained sandstone of the 
Upper Cambrian Salmonier Cove Formation (Widmer, 1950) is re-
stricted in distribution to a few small blocks on the shores of the Great 
Bay De L’Eau (O’Brien, 1998). These rocks contain Agnostis pisi-
formis, Olenus and Peltura zone fauna, as well as inarticulate brachio-
pods (Widmer, 1950; Hutchinson, 1962; Greene, 1975). The apparent 
lack of upper Middle Cambrian in the Connaigre Peninsula/Fortune 
Bay areas could reflect the presence of a disconformity at the base of 
the Upper Cambrian (O’Brien et al., 1995). 

Pass Island Granite 
The Late Silurian Pass Island Granite, dated at 423 ± 4 Ma (Figs. 

4 and 5b; Kellett et al., 2014), intrudes the Ediacaran Grole Intrusive 
Suite at the southwestern tip of the peninsula between Hermitage and 
Connaigre bays. The Pass Island Granite is a homogeneous orange 
and pink, medium- to coarse-grained, equigranular or locally K-
feldspar phyric, biotite-hornblende granite. The granite locally hosts 
numerous mafic and rhyolitic dykes that have been considered unre-
lated to Pass Island magmatism (O’Brien et al., 1995). 

Cinq Isles Formation 
The Cinq Isles Formation consists of red to grey micaceous sand-

stone, pebble conglomerate, shale and limestone (Figs. 4 and 12; Wil-
liams, 1971; Calcutt, 1973; Greene, 1975; O’Brien, 1998). The for-
mation unconformably overlies the Young’s Cove Group (and possi-
bly very locally directly overlies the Long Harbour Group as well) to 
the east of the White Horse – East Bay fault and the Simmons Brook 
Intrusive Suite to the west. Although no direct age constraints exist for 
this unit, it is unconformably overlain by the Upper Devonian Great 
Bay De L’Eau Formation, and the local development of sedimentary 

mélange suggest it was deposited coincident with the Early Devonian 
docking of Avalonia to the composite Laurentian margin. 

Great Bay De L’Eau and Poole’s Cove formations 
The Middle to Upper Devonian, largely fluvial, sandstone to boul-

der conglomerates of the Poole’s Cove and Great Bay De L’Eau for-
mations represent the youngest stratified units on the Connaigre Pen-
insula. They are distributed over a broad swathe from East Bay to 
Great Bay De L’Eau and Boxey Point (Fig. 4). The precise age rela-
tionship between the formations is unknown, as no direct dating or 
fossils have been reported from the Poole’s Cove Formation. Both 
sequences disconformably to unconformably overlie the Cinq Isles 
Formation (Fig. 13a) that is presumed to be pre-Middle Devonian, and 
both are cut by Late Devonian magmatism. They are, however, never 
found in direct contact, with the Poole’s Cove Formation overlapping 
and to the west of the White Horse – East Bay fault and the Great Bay 
De L’Eau Formation to the south-east and separated by a zone of older 
rocks (Chapel Island Formation plus Cinq Isles Formation and Long 
Harbour Group). Although previous studies have presented the Great 
Bay De L’Eau Formation as the younger unit (i.e., O’Brien et al., 
1998 and references therein), for the purposes of this study they are 
considered as effectively coeval. 

The Poole’s Cove Formation has been divided into several mappa-
ble units (Williams, 1971; Greene, 1975; O’Brien, 1998), the base of 
which consists of red, coarse-grained boulder conglomerate containing 
rounded heterolithic clasts interpreted to be derived from the adjacent 
Simmons Brook Intrusive Suite and Harbour Breton Granite (Fig. 13). 
Large clasts of Cinq Isles limestone are also reported indicating tec-
tonic uplift occurred post-Cinq Isles Formation deposition. The upper 
units consist of variable, thickly to very thickly bedded units of buff to 
orange arkosic sandstone and conglomerate to bolder conglomerate. 
Rare, very thin beds of laminated mudstone likely represent localised 
lacustrine deposition. The upper conglomerate contains clasts, up to 
boulder size, of banded gneiss, amphibolite and megacrystic/
muscovite granite (Fig. 13b; O’Brien et al., 1995) suggesting a source 
area extending to Ganderian mid-crustal rocks uplifted during Acadian 
and/Neoacadian deformation. There is a noticeable tendency for boul-
der-sized granitoid clasts that were likely derived from the Harbour 
Breton Granite (± Simmons Brook Intrusive Suite) to be more angular 

Figure 12 – Sedimentary mélange developed in red to grey micaceous 
sandstone of the Early Devonian Cinq Isles Formation. 
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at the southern end of the formation relative to type locality at Poole’s 
Cove. This is interpreted to be directly related to transport extent prior 
to deposition. 

The Great Bay De L’Eau Formation (Widmer, 1950) comprises 
red to buff, pebble to boulder conglomerate and lesser amounts of 
green conglomerate and red and black shale (Fig 14). Basaltic hypa-
byssal intrusions or flows crop out towards the upper reaches of the 
formation at Boxey Point, and have been correlated with basaltic 
rocks that form the Cinq Isles and that intrude the nearby Chapel Is-
land Formation (Fig 4; O’Brien, 1998). 

In the Coomb’s Cove – St. John’s Head area black bituminous 
shale contains plant fossils including Eospermatopteris and pro-
tolepidodendron (Widmer, 1950). Although not a precise time marker, 
these fossils correspond to flora preserved from the Givetian fossil 
forest at Gilboa, New York (Grierson and Bonamo, 1979; Driese et 
al., 1997; Retallack and Huang, 2011; Stein et al., 2012) suggesting 
that the Great Bay De L’Eau Formation was likely deposited ca. 390 
to ca. 385 Ma. 

Old Woman Stock 
The Late Devonian Old Woman Stock is an elliptical granitoid 

body primarily made up of plagioclase-phyric granite, locally cut by 
microgranite and K-feldspar porphyry, with orange to red microgran-
ite, aplite and fine- to medium-grained hornblende-biotite granite 
towards its margins (Fig. 8). It is located at the head of Great Bay De 
L’Eau, between Old Bay and Salmonier Pond, where it primarily in-
trudes into the Chapel Island Formation and locally the Cinq Isles and 
Poole’s Cove formations (Figs. 4 and 15). Along its southwestern 
margin it has been thrust northwards beneath the Simmons Brook 
Intrusive Suite along a fault surface that was likely formed as a reacti-
vation splay of the pre-Cinq Isles Formation (Lower Devonian or 
older) White Horse – East Bay Fault. 

There are a number of small Mo (+ fluorite) mineral occurrences 
around the margins of the Old Woman Stock and in association with 
minor, northeast – southwest trending, brittle extensional faults and/
lineaments that transect the body (Fig. 4). Mineralisation is typically 
associated with quartz veins and metasomatically altered joint surfaces 
(Fig. 8a), which at the Road Cut Showing have a generally northwest 
– southeast to north-northwest – south-southeast orientation. It also 
occurs as fine-grained disseminations and crystals up to 2.5 cm in 
diameter associated with vugs and/or as irregular masses. 

Figure 14 – Middle to Upper Devonian, fluvial redbed sandstone to 
conglomerate of the Great Bay De L’Eau Formation. 

Figure 13 – Middle to Upper Devonian, largely fluvial, sandstone to 
boulder conglomerates of the Poole’s Cove Formation. (a) Fault 
modified, unconformity separating the Poole’s Cove Formation 
from limestone of the Cinq Isles Formation at the mouth of Little 
Bay. (b) Thin to thickly bedded fluvial red bedded sandstone to 
boulder conglomerate of the Poole’s Cove Formation from Dev-
il’s Island in Great Bay De L’Eau. 
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 The Old Woman Stock has been dated at the Road Cut Showing 
at 376 ± 4 Ma (SHRIMP U-Pb zircon; Kellett et al., 2014) and yielded 
a Re-Os decay molybdenite age of 383 ± 1 Ma (Lynch et al., 2012) 
from the Leonard's Find Showing. 

Belleoram Granite 
The Belleoram Granite forms a near circular body approximately 

12 km in diameter that intrudes the Ediacaran to Cambrian Long Har-
bour and Young’s Cove groups, as well as the Early to Middle Devo-
nian Cinq Isles and Great Bay De L’Eau formations in the southeast-
ern portion of the Connaigre Peninsula (Figs. 4 and 16). The unit con-
sists primarily of equigranular grey to pink, quartz monzonite to gran-
odiorite and red, feldspar-phyric microgranite, which has been dated 
herein at 380.1 ± 1.0 Ma (Figs. 9 and 10). Also associated with this 
granite are quartz-feldspar porphyry dykes that extend into country 
rocks locally for more than 8 km from the main body (Fig. 4). The 
largest of these forms a prominent ridge that extends from near the 
centre of the main granite body at Horse Chops to the coast at English 
Harbour Back Cove, making the dyke at least 7 km long by 350 m 
wide. 

The main distinguishing characteristic of the Belleoram Granite is 
the presence of mm- to cm-scale, spheroidal mafic magmatic enclaves 

that are distributed throughout the unit and represent the determinant 
for linking the quartz-feldspar porphyry dykes and minor intrusive 
bodies to the Belleoram Granite main body (Fig. 9b). Such ubiquitous 
enclaves are unique to the Belleoram Granite in comparison to the 
other granitoids of the Connaigre Peninsula, irrespective of age, and 
further afield the largely contemporaneous Ackley Pluton to the north-
east. 

Mineralisation is largely restricted to some minor fluorite and 
barite occurrences, typically along the outer margins of the Belleoram 
Granite (i.e., the Chapel Island Fluorite and Mose Ambrose Barite 
showings; Furey, 1985; O’Driscoll et al., 1995; O’Brien, 1998). Very 
minor galena and sphalerite have been recognised at the Chapel Island 
showings, whereas chalcopyrite-bearing quartz veins within horn-
felsed Long Harbour Group rocks near Pig Point (i.e., Southern Salm-
onier Cove Showing) are purported to be epithermal (Berrange, 1955). 

Discussion 
Tectonostratigraphic domains of the Connaigre 
Peninsula 

Although the Connaigre Peninsula has been considered amongst 
the most comprehensive examples of Devonian and older Avalonian 
sequences, it is apparent from recent age determinations that the re-
gion actually consists of two domains that have clearly different pre-
Devonian tectonostratigraphic histories. These domains, separated by 
the White Horse – East Bay fault, are informally referred to herein as 
the Deadman’s Bight and Wreck Cove domains (respectively west of 
and east of the fault). In this scheme, the Deadman’s Bight domain 
contains the Tickle Point and Connaigre Bay formations, all Neoprote-
rozoic intrusive rocks and the Silurian Pass Island Granite (Figs. 4 and 
17). The Wreck Cove domain, in contrast, contains the various sedi-
mentary and volcanic rocks of the Long Harbour and Young’s Cove 
groups (Figs. 4 and 17). The boundary zone between these domains is 
mostly hidden beneath the Lower (?) Devonian Cinq Isles Formation 
and younger rocks. Thus it is interpreted that the two domains were 
separate through the Late Neoproterozoic and Lower Palaeozoic, but 
were together by the latest Silurian/early Devonian, which corre-
sponds to the timing for the onset of the Acadian Orogeny (van Staal 
et al., 1998). 

Direct correlatives to the Deadman’s Bight domain Neoproterozo-
ic rocks have not been described elsewhere in Newfoundland. This 
could in part be due to insufficient age determinations hampering 
comparisons. An illustration of this is Berry Hill Granite on the north-
ern Burin Peninsula that prior to recent dating at 570 ± 6 Ma (Kellett 
et al., 2014) had been interpreted as Devonian (e.g., Kerr et al. 1993b). 
At the current level of precision, this intrusion is coeval to the Edia-
caran Harbour Breton Granite and Hardy’s Cove and Grole intrusive 
suites in the Deadman’s Bight domain, but also to the much larger 
Swift Current Granite situated approximately 50 km to the northeast 
of it (Blackwood et al., 1984; O’Driscoll et al., 1995; O’Brien et al., 
1999). However, in the Burin section these intrusions cut the ca. 590 
Ma to ca. 565 Ma Marystown Group and associated rocks and are 
reported as overlain by the Long Harbour Group (O’Brien et al., 1999 
and references therein); such sequences and relationships are not pre-
sent within the Deadman’s Bight domain. Furthermore, there are no 
known equivalents to the Tickle Point Formation in the Burin section. 
A similar situation occurs within the area south of Conception Bay 
where granitoid rocks that are contemporary to the Simmons Brook 
Intrusive Suite of the Deadman’s Bight domain occur (Holyrood In-
trusive Suite – King, 1988; Krogh et al., 1988). Although both intru-
sive suites are emplaced within early Ediacaran supracrustal rocks, Figure 16 – Strongly jointed Belleoram Granite. 

Figure 15 - Orange to red medium-grained hornblende-biotite granite 
of the Old Woman Stock intruding into the Chapel Island For-
mation at the head of Great Bay De L’Eau. 
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development of the Sterling belt and Deadman’s Bight domain di-
verged during the Ediacaran or Lower Cambrian as a consequence of 
the reorganisation of tectonostratigraphic blocks within composite 
Avalonia (Barr, 1993; Kerr et al., 1995; Barr et al., 1996). 

The Late Silurian age of the Pass Island Granite within the Dead-
man’s Bight domain is unusual, as it represents the first evidence for 
Silurian granitoid magmatism within the Avalonian portion of the 
Canadian Appalachians (Kellett et al., 2014). Existing tectonic models 
for the timing of tectonism and assembly of the Canadian Appalachi-
ans (e.g., Barr, 2010; van Staal et al., 2014) do not include a mecha-
nism to explain such magmatism in Avalonia, sensu stricto, at this 
point in time prior to its accretion to composite Laurentia and the as-
sociated onset of the Acadian Orogeny. One possibility is that follow-
ing the reorganisation of tectonostratigraphic blocks along the western 
margin (current coordinates) of composite Avalonia, the Deadman’s 
Bight domain became positioned within the Acadian Seaway that 
separated Ganderia and Avalonia (van Staal et al., 2009, 2012; van 
Staal and Barr, 2012) as either a distinct microcontinental sliver or a 
promontory. In this scenario, during Silurian closure of the Acadian 
Seaway, this block could have docked to the leading edge of compo-
site Laurentia at some time before the arrival of the main Avalonian 
continental block. This would enable the Deadman’s Bight domain to 
be positioned in the upper plate setting during the Late Silurian for-
mation of the Fogo suite (informal name; van Staal et al., 2014) of 
granitoid rocks that are otherwise restricted to Ganderia (Elliott et al. 
1991; Dunning, 1992, 1994; Aydin, 1995; Sandeman and Malpas, 
1995; Currie, 2003; van Staal et al., 2014). Van Staal et al. (2014) 
proposed that the Fogo suite was formed due to slab steepening and 
eduction associated with break-off of the Salinic slab created a pro-
gressively widening asthenospheric window beneath the foreland of 
the Salinic Orogen (i.e., Ganderia) that, in this scenario, would include 
the accreted Deadman’s Bight domain (Fig. 18). Further study is re-
quired to determine whether this model is valid, or if another mecha-
nism can explain the generation of the Pass Island Granite. 

One consequence of the above model would be that the Hermitage 
Bay Fault would not, sensu stricto, represent the southern extent of the 
Ganderia – Avalonia bounding structure in Newfoundland (i.e., con-
tinuation of the Dover Fault). Instead, the arrival of the main tract of 
Avalonia would have occurred along the White Horse – East Bay 
fault, the pre-Early Devonian history of which is largely hidden be-
neath the Cinq Isles Formation and younger units. Even though the 
main, domain bounding movement(s) on the White Horse – East Bay 
fault occurred prior to Cinq Isles Formation deposition, it is apparent 
that there was a protracted history of fault reactivations that influenced 
Devonian sedimentation and likely intrusion-related mineralisation 
(see later). This is most clearly illustrated by the presence of Cinq 
Isles Formation limestone incorporated as clasts within boulder con-
glomerates in the overlying upper Poole’s Cove Formation. Given the 
fault-modified, transgressive basal conglomerate deposition along the 
unconformity between the Cinq Isles and Poole’s Cove formations 
and the Simmons Brook Intrusive Suite, and the fault bounded blocks 
of Young’s Cove and Long Harbour groups between Cinq Isles Bay 
and Salmonier Pond and the Great Bay De L’Eau Formation on the 
Corbin Head Promontory, it is apparent that the White Horse – East 
Bay fault zone was a locus for horsts and grabens during the Middle to 
Late Devonian. Post Avalonian accretion reactivation of terrane 
bounding faults is also apparent for the Hermitage Bay Fault, where 
fault gouge at Hardy’s Cove containing abundant chlorite and epidote 
related to pervasive brittle faulting was dated by K/Ar at 350 ± 7 Ma 
(D.A. Kellett, unpublished data, 2015). The timing of this movement 
corresponds with the brittle reactivation of sutures across much of 

their stratigraphies and tectonic settings are profoundly different (cf., 
O’Brien et al., 1997). Additionally, early Edicaran intrusive rocks at 
Conception Bay are unconformably overlain by Cambrian sedimen-
tary rocks (King, 1988; O’Brien et al., 1997). 

A Neoproterozoic sequence that potentially correlates to that pre-
sent within the Deadman’s Bight domain occurs within the Stirling 
belt of the Mira Terrane in Cape Breton, Nova Scotia (Barr, 1993; 
Macdonald and Barr, 1993). It should be noted, however, that there 
are no known equivalents to the Silurian Pass Island Granite within 
the Stirling belt, and that the Neoproterozoic sequences of the Stirling 
belt are unconformably overlain by Cambrian sedimentary rocks 
(Kelvin Glen Group; Barr et al., 1992, 1996; Reynolds et al., 2009). 
However, isotopic analysis of detrital zircon and muscovite have 
demonstrated that whereas the Kelvin Glen Group is contemporaneous 
with the Young’s Cove Group, as developed in the Wreck Cove do-
main of the Connaigre Peninsula, they are not equivalents (Reynolds 
et al., 2009; Willner et al., 2013). Young’s Cove Group equivalents 
are present, along with the underlying Long Harbour Group correla-
tives, in the adjacent, fault bounded Coastal belt of the Mira Terrane 
(Weeks, 1954; Landing, 1996; Barr et al., 1992, 1996). Macdonald 
and Barr (1993) interpreted the Sterling belt to have formed as a Neo-
proterozoic intra-arc or back-arc basin, with the Coastal belt develop-
ing as a late Ediacaran continental margin arc. These different belts 
were interpreted to represent separate parts of an extended magmatic 
arc or series of arcs and intra-arc basins (Barr, 1993; Barr et al., 1996) 
that were juxtaposed between 620 to 575 Ma by margin parallel strike
-slip faulting (Macdonald and Barr, 1993; Barr, 2010). Detrital zircon 
population studies have subsequently indicated that these belts were 
not joined until much later (post-Kelvin Glen Group deposition; Will-
ner et al., 2013), but presumably by the Cambrian MacCodrum For-
mation deposition, as this unit is mapped across both belts 
(Hutchinson, 1952; Barr et al., 1996; Willner et al., 2013). The ab-
sence of any evidence for Kelvin Glen Group or MacCodrum For-
mation rocks on the Connaigre Peninsula might indicate that tectonic 

Figure 17 – Timing and distribution of tectonostratigraphic units with-
in the Connaigre Peninsula. 
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Newfoundland, such as the Red Indian Line (Lissenberg et al., 2005; 
Rogers et al., 2005) where small syn-tectonic extensional basins con-
tain terrestrial fossils correlated to the Late Famennian to Tournaisian 
Horton Group in Nova Scotia (Newhouse, 1931; Belt, 1969; Kean, 
1978; Rygel et al., 2006). 

Intrusion related mineralisation on the Connaigre 
Peninsula 

Kellett et al. (2014) reviewed the spatial and temporal distribution 
of Mo, W, and F mineralisation in Newfoundland. Dated plutons that 
are known to contain such mineralisation are ca. 380 Ma (Kerr et al., 
1993a, 1993b, 1995; Kerr and McNicoll 2012, Kellett et al., 2014), 
with the exception of Granite Lake, where Mo-W-F mineralisation 
and associated granites are dated at ca. 387 and 388 Ma, respectively 
(Kerr and McNicoll, 2012; Lynch et al. 2012). These relationships are 
taken as indicating that the spatial distribution of mineralisation is 
related to the timing of pluton emplacement during an extended period 
of regional exhumation. Kellett et al. (2014) noted that the near con-
cordance of 40Ar/39Ar ages and U-Pb crystallization ages supported the 
interpretation that rapid regional uplift and exhumation occurred con-
currently with pluton emplacement. 

An unusual feature of Connaigre Peninsula is that the Belleoram 
Granite and Old Woman Stock represent effectively coeval magma-
tism, emplaced in the ca. 380 Ma primary window for Mo-W-F miner-
alisation, where one body is largely barren and the other hosts several 
well-developed ore deposits. The main distinguishing characteristic of 
the Belleoram Granite is the pervasive, small mafic enclaves that de-
lineate hybrid magmatism. However, this petrographic distinction is 
not believed to be a controlling factor for mineral potential, consider-
ing the presence of minor fluorite, barite, galena, sphalerite and chal-
copyrite mineralisation near the outer margins of the Belleoram Gran-
ite and the evidence for metasomatism and thermal overprint in adja-
cent country rocks (O’Brien et al., 1995; O’Brien, 1998), all of which 
indicate that ore-forming fluids were present to some degree within 
the system. 

The most likely variant to influence mineral potential between the 
Belleoram Granite and Old Woman Stock is the depth of intrusion. 
The Old Woman Stock is primarily emplaced into the Chapel Island 
Formation (Figs. 4 and 15), with only a small portion cutting the over-
lying Devonian sedimentary rocks. In stark contrast, the Belleoram 
Granite is positioned high in the Great Bay De L’Eau Formation 
(estimated to have been ca. 300 m thick; O’Brien et al., 2005 and ref-
erences therein), such that that the magmatic body was emplaced vir-
tually at the surface. This corresponds with the general hypabyssal/
subvolcanic petrographic appearance of much of the body. Notably, 
most of the sparse mineralisation in the Belleoram Granite occurs in 
sections that intrude Young’s Cove and older rocks (i.e., the Chapel 
Island Fluorite and Southern Salmonier Cove showings). The underly-
ing mechanism is related to the Tuach et al. (1986) model for Ackley 
Pluton mineralisation, where the distribution of ore deposits is dictated 
by the depth of erosion across the granite (Fig. 19A). In that case, 
zones of mineralisation at randomly distributed cupolas developed 
throughout the upper reaches of the granite body, some of which were 
subsequently eroded. However in the case of the Belleoram Granite, 
mineralisation may have focussed where ore-bearing fluids precipitat-
ed metals upon reaching a pressure – temperature threshold (Fig. 
19B). A corollary of this model is that intrusive bodies that evolve by 
distinct pulses of magma being emplaced at different levels can devel-
op zones of mineralisation well within the main granite body in re-
sponse to changing P-T conditions over time, as opposed to the tradi-

Figure 18 - Tectonic model for Salinic and Acadian subduction and 
orogenesis after van Staal et al., 2014. 

(A) Late Ordovician to Early Silurian closure of the Tetagouche – 
Exploits back-arc basin (TEB) and start of the Salinic collision of 
composite Laurentia with leading edge of Gander margin. Waning 
Salinic-related arc magmatism took place to the west of the Red 
Indian Line (RIL). Salinic collision was coeval with and hence, 
may have been the cause of initiation of subduction in the Acadian 
seaway beneath the trailing edge of Gander margin, forming the 
Coastal arc – back-arc system (CAB). Red bed molasse sedimen-
tation (shown in red) initiated in basins that formed during early 
Salinic thrusting and uplift in the hinterland of orogen. Marine 
sedimentation took place in the Badger forearc basin. The Badger 
forearc progressively grew eastwards due to accretion of buoyant 
blocks such as the Duder Complex (DC), which formed in the 
TEB. A marine foredeep accumulated Badger-like clastic sedi-
mentary rocks and sedimentary rocks of the younger Indian Island 
Group on the leading edge of the Gander margin of Ganderia. 

(B) Progressive steepening of the Gander margin slab during and/or 
following tearing (break-off) of the TEB oceanic slab. Red bed 
sedimentation reached the Red Indian Line (RIL), while the adja-
cent marine Badger forearc basin was inverted. DBL: Dog Bay 
Line. 

(C) Eduction of the Gander margin and eastward expansion of an 
asthenospheric window beneath the Salinic orogen. Red bed sedi-
mentation had now overstepped onto all parts Ganderia. Start of 
Acadian collision at ca. 420 Ma at the trailing edge of the Gander 
margin (now the leading edge of composite Laurentia) due to the 
entrance of Avalonia at the trench. Progressive flattening of the 
down-going slab following the start of collision produced a hinter-
land migrating retro-arc deformation zone and terminated in ex-
pulsion of the mantle wedge and extinction of Acadian magma-
tism during the Emsian. AW: accretionary wedge; DA: Dash-
woods; FA: forearc; PVA: Popelogan – Victoria arc. 
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tional interpretations where ores are restricted towards the top of a 
pluton. 

The presence of fluorite at each of the Mo deposits, and the asso-
ciation between fluoride-rich fluid inclusions and mineral potential 
(Rogers et al., 2014; Tweedale et al., 2014, 2015) suggests that ore 
metals are primarily transported as HF complexes. Once P-T condi-
tions are met for fluorite to precipitate, often at ca. 2 km depth, ore 
metals also come out of solution. The opposite situation is observed in 
the Acadian Plutonic Suite of central New Brunswick (Rogers et al., 
2014, 2015) wherein the apparently barren Juniper Barrens Pluton is 
interpreted as representing a significantly deeper section through Late 
Devonian granitoids than the adjacent Burnthill and Dungarvon plu-
tons that are associated with numerous mineral occurrences. It is also 

significant that the zones of mineralisation in the Old Woman Stock 
are typically associated with syn-magmatic faults or lineaments along 
which only minor displacements are apparent, intersecting at a high 
angle. This may imply that they provided convenient fluid pathways, 
and that motion along them could have caused rapid P-T changes 
inducing ore precipitation. A similar correspondence between minor 
syn-magmatic breaks and loci of intrusion associated greisen-style 
mineralisation has also been observed in the Acadian Plutonic Suite 
(Rogers et al., 2014). Consequently, determining a region’s tectonic 
history may be utilised as a primary exploration model, as prospectivi-
ty is a combination of overall tectonic setting, distribution of syn-
magmatic structures, and emplacement depth. 

Fortune Bay hydrocarbon potential 
This new model for the tectonostratigraphic development of the 

Connaigre Peninsula may also have some implications for on-shore to 
near off-shore (Fortune Bay) hydrocarbon potential. The variably 
indurated Poole’s Cove and Great Bay De L’Eau formations have a 
high potential as a reservoir. Traps and seals are possible (Enachescu, 
2006), as these sequences display open, typically large wavelength 
folding and warping, and are locally transected by syn- to post-
depositional faulting. Stratigraphic inversions are present, such as at 
Blue Pinion Cove, where Early Cambrian orthoquartzite tectonically 
overlies Great Bay De L’Eau conglomerate (Fig. 4). Onshore exam-
ples of potential hydrocarbon source rocks are less prevalent than 
potential reservoirs. However, near Coomb’s Cove a sequence of 
black bituminous shale occurs within the Great Bay De L’Eau For-
mation (Fig. 4) from which a likely Givetian fossil assemblage has 
been reported. This sequence could be equivalent to known source 
rocks within the Horton Group in Nova Scotia and New Brunswick. In 
addition, there is untested potential in minor shales within the Cinq 
Isles Formation and the black shale of the earlier Salmonier Cove 
Formation. Another factor that might influence hydrocarbon potential 
is the high heat-flow associated with underplating of Upper Devonian 
intrusions (i.e., Belleoram Granite) that could potentially help drive 
hydrocarbon generation as an atypical petroleum system (cf., Tasmin 
Basin – Bendall et al., 2000; Neuquen Basin, Argentina – Monreal et 
al., 2009). This high heat-flow is potentially significant as the North 
Sydney Basin, and in particular Fortune Bay, is largely under explored 
as the depth of sedimentation in this part of the basin is considered 
insufficient for standard hydrocarbon generation. 

Conclusions 
The Connaigre Peninsula provides a key region in determining the 

timing and nature of Avalonia’s accretion to the composite Laurentian 
margin and the onset of the Acadian Orogeny. Two distinct pre-
Devonian tectonostratigraphies occur in the region, separated by a 
largely blind fault that is masked by younger sedimentary and intru-
sive rocks and by Devonian to Carboniferous rifting-related fault reac-
tivations, forming a series of horsts and grabens. These distinct blocks 
(referred to herein as the Deadman’s Bight and Wreck Cove domains) 
correspond closely with the Stirling and Coastal belts of the Mira 
Terrane in Cape Breton, NS. These belts were until recently believed 
to have been juxtaposed during the Neoproterozoic, but recent isotopic 
studies have suggested they were not together until the Lower Palaeo-
zoic. Unlike the Stirling belt, the Deadman’s Bight domain does not 
preserve Lower Palaeozoic sedimentation. It is possible that such sedi-
mentary rocks were eroded during the Devonian when the Deadman’s 
Bight domain was uplifted and excised along the White Horse – East 
Bay fault. However such rocks have not been recognised within the 
clast populations of the Devonian conglomerates that were sourced 

Figure 19 – (A) Conceptual model from Tuach et al. (1986) for the 
Ackley Granite of southeastern Newfoundland, showing the mod-
ern erosion surface and its relationship to the original plutonic 
architecture, and evolved magmas concentrated near the roof of 
the magma chamber. (B) Conceptual model for the Late Devoni-
an emplacement of the Belleoram Granite and Old Woman Stock 
into the Connaigre Peninsula and relationship between location of 
mineralisation, emplacement depth and syn-magmatic faulting 
associated with reactivation of the White Horse – East Bay fault 
that juxtaposes the Deadman’s Bight (NW) and Wreck Cove (SE) 
domains. 



Tectonostratigraphic controls on the Connaigre Peninsula of south-central Newfoundland 

75 

from this uplift, in stark contrast to the Neoproterozoic Harbour Bre-
ton Granite and Simmons Brook Intrusive Suite that dominate the 
clasts. Also, the recognition of Silurian magmatism in the Deadman’s 
Bight domain indicates a possibility that this particular block was not 
part of composite Avalonia until the final stages of Avalonia’s accre-
tion to the composite Laurentian margin in the Latest Silurian. Fur-
thermore this indicates that this domain was, at least for part of the 
time, in the upper plate position with respect to the subduction and 
closure of the Acadian Seaway. In turn this raises questions on the 
nature of the Hermitage Bay Fault and if it should be ascribed as the 
fundamental suture for Avalonian accretion in this region. 

The adjacent ca. 380 Ma granitoid intrusions of the Belleoram 
Granite and Old Woman Stock provide a rare opportunity to compare 
contemporary mineralised and largely barren bodies in close proximi-
ty. Although the Belleoram Granite is one of the very few petrograph-
ically distinctive granitoids not just on the Connaigre Peninsula but in 
central Newfoundland as a whole, indications are that the primary 
influence for ore development is depth of intrusion. It is interpreted 
that the Belleoram Granite was emplaced at too shallow a depth for 
associated fluids to have maintained and transported a significant 
metal content. Since it is clear that the Belleoram Granite is a compo-
site body featuring several, distinct pulses of magma intruding into 
itself, this raises the possibility that volatile-rich fluids could have 
precipitated metals at deeper depths within the intrusion. 
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Abstract: The ca. 380 Ma South Mountain Batholith (SMB) of Nova Scotia is a large (ca. 7,300 km2), mesozonal 
granitoid intrusion that consists of 13 coalesced plutons of granodiorite to leucomonzogranitic composition which 
host a variety of mineralised zones (e.g., Sn-Zn-Cu-Ag, Mo, Mn-Fe-P, U, Cu-Ag). Given the hydrothermal nature of 
this mineralisation, it is expected that a fingerprint of the mineralizing fluids might be manifested both petrograph-
ically and by the chemistry of secondary, quartz-hosted fluid inclusions in the granites on a scale equal to or larger 
than the mineralised centres. In order to assess the potential of using the petrographic and chemical fingerprints as 
vector for exploration, a study integrating both these methods was investigated. The protocol involved in the study 
included the following: (1) completing a detailed petrographic study of hundreds of archived thin section samples that 
focused on the extent and degree of alteration that reflect fluid-rock interaction. The indices included: (i) type and 
abundance of perthite, (ii) chloritic alteration of biotite, (iii) plagioclase alteration, (iv) amount of secondary white 
mica, and (v) abundance of secondary fluid inclusions in quartz; and (2) determining the fluid chemistry of quartz-
hosted fluid inclusions in samples (n = 66) collected from the SMB. For this study, a detailed protocol was developed 
to address specific analytical considerations, including decrepitation temperature, oven versus stage heating, EDS 
calibration, EDS acquisition time, representative sampling and raster versus point mode of analysis. Thus, in this 
study, quartz chips were heated to 500ºC and a maximum of 16 mounds per sample were analysed (60 seconds) in 
raster mode, the latter to circumvent chemical variation related to elemental fractionation during mound formation. 
To date, the results indicate that the fluids from Phase 1 samples are dominated by a Na-F-Cl-Ca fluid. In contrast, 
fluids from Phase 2 samples are dominated by two fluid inclusion populations: a Na-K fluid and a F-Na-Cl-Ca fluid. 

Introduction 
Fluid inclusions are microscopic (i.e., <50 µm) samples of 

paleofluids that circulated at some time during the hydrothermal histo-
ry of the host mineral, and in mineralised areas, may be associated 
with hydrothermal ore deposits. The composition of fluid inclusions 
therefore, provides chemical data that is relevant to the modelling of 
ore deposits and the design of exploration strategies (Roedder and 
Bodnar, 1997). A problem associated with categorizing large granitoid 
intrusions that host ore deposits is the simultaneous management of 
environmental and economic costs and the collection of data that is 
representative of the entire system. To address this problem, we pro-
pose the development and testing of a cost-effective and time-efficient 
exploration technique that is a useful for regional-scale characteriza-
tion of fluid-rock interaction, called evaporate mound analysis. The 
technique involves the controlled decrepitation (i.e., bursting) of 
quartz-hosted fluid inclusions and chemical analysis of the resultant 
evaporate mounds with an electron probe equipped with a high resolu-
tion imaging system. The ca. 7,300 km2, mineralised South Mountain 
Batholith (SMB), Nova Scotia, is largest granitoid intrusion in the 

northern Appalachians (Fig. 1). The SMB is also one of the most in-
tensively studied peraluminous granitoid complexes in the world 
(Chatterjee and Clarke, 1985), and the abundance of accessible out-
crop, as well as the preservation of archived thin section and slab col-
lections housed by the Nova Scotia Department of Natural Resources, 
make the SMB an ideal testing ground for evaporate mound analysis. 
Additionally, SMB quartz hosts abundant liquid-rich secondary fluid 
inclusions. This paper provides a framework describing the methodol-
ogy behind SEM-EDS analysis, including step-by-step details regard-
ing sample preparation, artificial decrepitation procedures, SEM-EDS 
analytical protocols, application of calibration standards, EDS data-
reduction considerations, and data-display options. The methodology 
was refined through examination of a suite of granitoid samples col-
lected from the contiguous and fertile SMB. This research evaluates 
fluid chemistry in an effort to better characterize a fertile metal system 
by providing a regional-scale assessment that can guide future studies. 
The results of this work will help determine if evaporate mound analy-
sis, when combined with petrographic work, is a viable exploration 
tool. This Targeted Geoscience Initiative 4 (TGI 4) funded work is a 
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Figure 1 – Geological map of study area. (A) Index map showing simplified geology of Nova Scotia, showing the two terrane 
units separated by the Cobequid Chedbucto Fault System (CCFS). The South Mountain Batholith (SMB) intrudes the 
Meguma terrane, the most outboard terrane of the Appalachian Orogen. (B) Geological map of the SMB. Map bounda-
ries from the Nova Scotia Department of Natural Resources. 

test case and is the first of its kind conducted on a batholithic scale, 
with the resulting methodological protocols being readily exportable 
for mineral fertility assessment of other areas 

Relevance of analytical technique 
Fluid-filled cavities in minerals, called fluid inclusions, are 

trapped samples of the ambient fluid that circulated during mineral 
growth (i.e., primary fluid inclusions) or during post-crystallisation 
alteration (i.e., secondary fluid inclusions; Timofeeff et al., 2000; 
Ménez et al., 2002). Aqueous fluid inclusions therefore provide an 
opportunity to directly analyse the chemical composition and evolu-
tion of fluids involved with magmatic-hydrothermal ore deposition. 
Microthermometry is the most frequently used technique to evaluate 
fluid inclusion salinity, but results reported in equivalent wt% NaCl 
units can provide only qualitative detail, and cannot account for unde-
termined cation and anion solutes. Metastability affecting phase 
change behaviour also invites caution (Kontak, 2004). Other conven-
tional methods used for solute analysis of fluid inclusions include 
crush-leach techniques to extract the fluid followed by LA-ICP-MS 
compositional analysis. However, the results obtained from crush-
leach analysis reflects multiple generations of fluids (Chi et al., 2003), 
and the electronegativity of fluorine, a potential ore metal complexa-
tion ligand in magmatic-hydrothermal fluids (McPhie et al., 2011; 
Thomas et al., 2006; Wilkinson, 2001; Muecke and Clarke, 1981) 
precludes application of standard LA-ICP-MS analysis (Bu et al., 
2003). Scanning electron microscopy/energy dispersive X-ray spec-
troscopy (SEM-EDS) evaporate mound analysis, is a cost effective 

alternative method to obtain in-situ solute analysis of fluid inclusions 
(Kontak, 2004). 

Previous studies 
By employing relatively low-cost equipment and time-efficient 

methodology, evaporate mound analysis is an effective approach for 
characterizing fluid inclusion solute chemistry in a variety of magmat-
ic-hydrothermal settings. Previous work indicates that SEM-based 
methods produce semi-quantitative chemical analyses of fluid inclu-
sions hosted in minerals in a variety of geologic settings, including 
volcanogenic massive sulphide deposits (Zaw et al., 2003), Mississip-
pi Valley-type deposits (Haynes and Kesler, 1987; Savard and Chi, 
1998), carbonitite-hosted deposits (Samson et al., 1995), metamor-
phosed strata-bound copper depsoits (Heinrich and Cousens, 1989), 
and granite-hosted mineral deposits (Chryssoulis and Wilkinson, 
1983; Kontak et al., 1999; Carruzzo et al., 2000; Kontak, 2004). 

Of the numerous techniques used to analyse fluid inclusion solute 
chemistry (see Chi et al. (2003) for a summary review), only crush-
leach ion chromatography, laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS) and SEM-EDS evaporate mound 
analysis are comparable in terms of sensitivity to solute cations and 
anions. Many other techniques used in fluid inclusion research are 
analytically challenging (i.e., time-inefficient) and/or provide data 
expressed in relative units (i.e., wt% NaCl). For example, secondary 
ion mass spectrometry (SIMS) analysis can, in principle, provide de-
tection for all elements (Diamond et al., 1990), but the analytical com-
plexity (Ménez et al, 2002) and the prohibitive cost (Gleeson, 2003) of 
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this technique impair its practicality as an exploration tool. Other mi-
crobeam-based techniques including synchrotron X-ray fluorescence 
(SXRF), proton-induced X-ray emission (PIXE) and proton-induced 
gamma emission (PIGE) require time-consuming sample preparation 
and long analytical times (Ménez et al., 2002; Anderson and Maya-
novic, 2003). Additionally, PIXE and PIGE mostly yield only cation 
data (Gleeson, 2003), and solute concentration measurements using 
SXRF demand tedious measurement of the microscopic volume of the 
inclusions (Frantz et al., 1988). 

It should also be emphasized that SEM-EDS analysis has ad-
vantages over LA-ICP-MS and bulk crush-leach techniques. Crush-
leach analyses integrate a protracted hydrothermal history (i.e., solute 
compositions of fluid inclusion assemblages and single inclusions are 
not resolvable). Although costly in terms of time and equipment, LA-
ICP-MS is a highly sensitive technique, but electronegativity issues 
regarding some halogens (i.e., metal ligands) makes some (e.g., F) 
elements undetectable (e.g., Bu et al., 2003). 

Geological setting of the South Mountain Batholith 
The mineralised SMB, located within the Meguma Zone of the 

Appalachian Orogen, is a post-tectonic granitoid complex of Devoni-
an age (ca. 380 Ma; Clarke and Halliday, 1980; Reynolds et al., 1981). 
The batholith intrudes the regionally metamorphosed (greenschist-
amphibolite facies) Cambrian to Ordovician Meguma Supergroup 
(MS) and the overlying Ordovician to Silurian Rockville Notch Group 
(RNG). The MS comprises a thick (>10 km) sequence of folded 
metasedimentary strata that includes the lower, sandstone-dominated 
Goldenville Group and the overlying siltstone-dominated Halifax 
Group. The SMB contact with the RNG trends NE-SW and is overlain 

in some areas by Carboniferous cover rocks. The RNG comprises 
mixed volcanic, volcanoclastic and metasedimentary rocks, and the 
overlying cover rocks include the coarse-clastic terrestrial sedimentary 
rocks, evaporites sequences and volcanoclastic rocks of the Mississip-
pian Horton, and the Triassic Windsor and Fundy groups, respectively 
(Fig 1). In general terms, the SMB is a composite intrusion of granodi-
orites, monzogranites, leucomonzogranites and leucogranites, locally 
cut by metre-scale pegmatite dykes and aplite sheets. Outcrop-scale 
structures within the SMB (Fig. 2) provide clear evidence that late-
stage fluid flow is part of the hydrothermal history of the batholith. 

Based on field relationships and compositional variations identi-
fied during research conducted by the NSDNR (MacDonald, 2001) 
SMB rock units are grouped into 13 plutons, which include five Stage 
1 plutons and eight Stage 2 plutons (Fig. 3). The earlier Stage 1 plu-
tons mainly consist of biotite granodiorite and biotite monzogranite. 
Stage 2 plutons intrude Stage 1 plutons. Stage 2 plutons mainly con-
sist of two-mica monzogranite, fine- and coarse-grained leuco-
monzogranite and muscovite leucogranite. Internal contacts can be 
either intrusive or gradational (MacDonald, 2001). 

Known Mineralisation within the South Mountain 
Batholith 

The SMB is host to the past-producing East Kemptville (Sn-Zn-
Cu-Ag) and New Ross Manganese (Mn-Fe-P) mines, the Millet Brook 
(U-Cu-Ag) deposit, as well as numerous other polymetallic prospects 
and occurrences (Fig. 4). 

Four main deposit types occur within the SMB: greisen, vein, 
breccia and pegmatite. Although associated with the SMB, peribatho-

Figure 2 – Macroscopic-scale evidence of hydrothermal fluid flow in the SMB. (A) Miarolitic cavity near Aspotogan Point in Lunenburg Coun-
ty. (B) Tourmaline clot in the Halifax Pluton. (C) Ring schlieren at Pennant Point, Halifax County. (D) Aplite sheet at Peggy’s Cove. (E) 
Breccia pipe in highway outcrop near Halifax. (F) Biotite schlieren near municipality of Prospect. 



Tweedale et al., 2015 

82 

Figure 3 –Map of South Mountain Batholith pluton boundaries Phase 1 plutons are generally biotite-granodiorites and biotite monzogranites. 
Later Phase 2 plutons are generally 2 mica monzogranites, leucomonzogranites and leucogranites (MacDonald, 2001). 

Figure 4 – Locations of major known mineral deposits hosted by the South Mountain Batholith (modified from MacDonald, 2001). The great 
diversity in style (e.g., greisen, vein, breccia and pegmatite) and in metal assemblages (e.g., Sn-Zn-Cu-Ag, Mo, Mn-Fe-P, U, Cu-Ag) of 
SMB mineralised centres are the result of post-crystallisation hydrothermal processes. 
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lithic (endogranitic) deposits (MacDonald et al., 2002; Kontak, 1990) 
occurring near contact areas with the Meguma rocks are not discussed. 
Brief details of each of the SMB deposit types are discussed below. 

Greisen deposits (Sn-W-Mo-As-Cu-Pb-Zn-F-Au-Ag) 
Greisen occurs in SMB rocks that range in composition from the 

least-evolved granodioritic phases (e.g., Sandwich Point prospect) to 
the most evolved muscovite-leucocratic phases (e.g., East Kemptville 
deposit), and tends to occur primarily in the Stage 2 plutons. Typically 
SMB greisens are spatially associated with major structural features. 
However, the underlying genetic relationship between major structural 
features and ore deposition associated with greisen occurrence re-
mains unclear. Whereas the SMB greisens are distributed throughout 
the batholith, the largest greisen-style mineral occurrences are typical-
ly proximal to shallow-dipping contact zones between the granite and 
Meguma metasedimentary rocks. The past-producing East Kemptville 
Sn-Zn-Cu-Ag occurrence is the largest known economic SMB-hosted 
deposit, and it occurs at the SMB-Meguma contact within the regional 
East Dalhousie East Kemptville Shear Zone (EKEDSZ). Greisen asso-
ciated with the Long Lake Mo-W-Cu prospect west of the municipali-
ty of Chester Grant in Lunenburg County, and the W-Sn-Mo-Cu-Zn-
Ag-Au prospect at Westfield in Queen’s County are proximal to gran-
ite-metasediment contacts that are not associated with major faults 
(O’Reilly, 2011, 2013; Cormier, 1988). However, greisen mineralisa-
tion is also associated with vein-type deposits, including the Sandwich 
point prospect that occurs adjacent to vein mineralisation (Au-Bi-Sb-
Cu-Zn) that cuts SMB monzogranite near the Meguma – SMB contact 
(Kontak and Kyser, 2011). From this, it appears evident that greisen 
form preferentially near SMB-metasedimentary contact zones that are 
proximal to fault zones. 

Of particular relevance for fluid inclusion studies, past research 
suggests that SMB greisens are intimately associated with hydrother-
mal fluids. For example, Clarke et al. (1993) interpret the results of 
field, petrologic and geochemical studies to suggest that hydrothermal 
alteration of fine-grained leucomonzogranites produced the muscovite
-leucogranites greisens and associated mineralised centres of the Long 
Lake prospect. From an evaluation of compositional and mineralogi-
cal changes in a zoned greisen, Halter et al. (1996) substantiated the 
role of fluid–rock interaction in forming the East Kemptville deposit. 
Elevated concentrations of Bi and Au are a unique chemical signature 
of the Inglisville greisens, which MacDonald and O’Reilly (1989) 
associate with the circulation of hydrothermal fluids through the Meg-
uma metasediments proximal to their contact with the SMB. Under-
standing the solute chemistry of fluid inclusions may provide infor-
mation that is helpful in resolving the development of these deposits. 

Vein deposits (U-Cu-Mn-P-F-Ag) 
Whereas greisen deposits tend to occur in Stage 2 plutons, vein 

deposits of economic interest occur dominantly in Stage 1 plutons. 
Most of the past-producing vein deposits are within the interior of the 
batholith, including the New Ross Manganese Mines that are hosted 
by the Stage 1 Salmontail Lake Pluton. In contract to the greisen de-
posits, U and Mn are economically significant commodities of vein 
deposit mineralisation (MacDonald, 2001). 

The Millet Brook U-Cu-Ag deposit occurs near a Meguma roof 
pendant in Lunenburg County. Pitchblende is the dominant ore miner-
al, but minor chalcopyrite, bornite, covellite, chalcocite, proustite, 
galena, sphalerite and wolframite also occur (MacDonald, 2001). The 
en-echelon distribution of the mineralised veins (i.e., ore zones) sug-
gests structural influence. Hematization (i.e., turbid feldspar) and 
chloritization of biotite are closely associated with some ore-zones, 

suggesting that fluid–rock interaction played a role in ore deposition at 
Millet Brook (MacDonald, 2001). 

Similarly, the most pervasive alteration associated with the eco-
nomic mineralisation at the New Ross Manganese Mines (Mn-Fe-P) is 
hematization, but desilification, albitization and sericitization are also 
observed (O’Reilly, 1992). Located near the municipality of New 
Ross, in Lunenburg County, the New Ross Manganese Mines include 
the past-producing Cain and Riddle Mine and the Dean and Chapter 
Mine. At these mine sites, ore bodies occur along steeply dipping 
faults that are interpreted as being localised along pre-existing struc-
tural features (Fig. 5). Several types of hydrothermal alteration have 
been observed. Hematization and sericitization are well developed in 
the ore veins, and the co-precipitation of fluoroapatite and Mn-oxides 
suggests the presence of a phosphate-bearing fluid at low temperature 
(O’Reilly, 1992). Moreover, and adding pertinence to this fluid inclu-
sion study, O’Reilly (1992) suggested that the alteration sequence at 
the New Ross Mines could be part of an evolving, and potentially 
regional, hydrothermal system, which suggests a potential for as yet 
undiscovered deposits of granophile mineralisation (Smith and Turek, 
1976). 

Breccia deposits (Pb-Zn-Ba-Au-Ag) 
Known SMB breccia deposits (Pb, Zn, Ba, Au, Ag) are spatially 

restricted to the area proximal to the Tobeatic fault zone (TFZ) in the 
southwest portion of the batholith, where exploration efforts are hin-
dered by poor outcrop control and metre-scale overburden (Giles, 
1985). Extending approximately 8 km in length, and averaging 100 m 
in width (Giles, 1985), the TFZ coincides with the southern extent of 
the larger Tobeatic Lake Shear Zone (Horne et al., 1992). Disseminat-
ed combinations of galena, sphalerite, barite, chalcopyrite, arsenopy-
rite and pyrite have been observed in brecciated boulders 
(MacDonald, 2001). Based on anomalous high concentrations of Zn, 
Pb, Sn, W and Au in regional till samples, Corey and Horne (1989) 
suggest the area to be a prime base metal and precious metal explora-
tion target. 

Pegmatite deposits (Sn-W-U-Cu-Zn-Ag) 
The New Ross Pluton hosts all the reported pegmatite mineral 

deposits within the SMB, but unmineralised pegmatites are associated 

Figure 5 – Cross section schematic of the New Ross Manganese 
Mines (copied from O’Reilly, 1992). Ore minerals at the Dean & 
Chapter and Cain & Riddle mines include manganite (MnO(OH), 
Pyrolusite (MnO2), Psilomelane (Ba,H2O)2 Mn5O10, fluoroapatite 
Ca5(PO4)3F and manjiroite (Na,K)(Mn4+,Mn2+)8O16.n(H2O). 
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with the East Kemptville deposit, the Gaspereau Lake U-P-F prospect 
and the Long Lake deposit (MacDonald, 2001, and references there-
in). Coarse-grained leucomonzogranites and leucogranites host the 
known pegmatite deposits. Although previous exploration did not 
indicate a significant resource potential for SMB pegmatite deposits, 
two known prospects draw particular interest as they have not been 
subjected to detailed exploration, and thus have unknown economic 
potential. Firstly, the Keddy Mo-Ta-Nb prospect, hosted in the Keddy-
Reeves muscovite-topaz leucogranite, occurs near the boundary be-
tween the Stage 1 Salmontail Lake Pluton and the Stage 2 New Ross 
Pluton. Secondly, the spodumene- and tourmaline-bearing pegmatites 
of the Brazil Lake prospect are considered to have economic potential 
for Be and Li (Corey, 1994). 

Methodology 
Sampling strategy 

The objective for this regional-scale research is to obtain a sample 
set that represents the entire SMB study area. We use a grid system to 
systematically divide the study area into a number of sampling targets. 
A 10 x 10 km2 grid was superimposed on the SMB map pattern (Fig. 
6) and an ideal sample set would include one sample from each grid 
square. However, samples in some grid locations are inaccessible due 
to poor outcrop exposure due to glacial overburden (e.g., the Scrag 
Lake Pluton), therefore, grid sampling in principal provides only a 
general guideline. In some cases, where several rock types occur in a 
given grid square, a sample of each rock type was collected.  

Evaporate Mound Analysis 
Indices of Alteration 

Characterizing the extent and degree of fluid-rock interaction and 
locating quartz grains that host abundant fluid inclusions are the ob-

jectives of the petrographic work which must be completed prior to 
evaporate mound analysis. Following identification of alteration as-
semblages that occur in the study area, the degree or extent of the 
alteration is qualitatively assessed. Assessment is measured on a nom-
inal scale where a value of ‘1’ represents the lowest degree or extent 
of alteration and ‘10’ represents an extreme or high degree of altera-
tion. For the SMB appropriate indices include (i) chloritization of 
biotite, (ii) abundance and type of perthite, (iii) sericitization and (iv) 
saussuritization (Fig. 7), (v) the abundance of white mica (Fig. 8), and 
the abundance of fluid inclusions hosted by quartz (Fig. 9). 

Preparation of fluid inclusion wafers 
The preparation of double polished thick sections requires the 

cutting and grinding of slab samples into ca. 150 µm fluid inclusion 
wafers that are bonded to glass slides for petrographic examination. 
Sections (i.e., chips) that include target mineral grains are cut from the 
wafer using a fine circle blade appropriate for cutting small centimetre
-scale chips. Following the experience from cutting hundreds of sec-
tions, we recommend a minimum section size of 1 cm2 for ease of 
handling during further processing (Fig. 10). 

Mound generation and decrepitation temperature 
Published results of other evaporate mound research report a range 

of decrepitation temperatures (Table 1). However, there are no pub-
lished reports that assess the effect of decrepitation temperature on 
mound generation, mound size, and mound composition. To address 
these issues, we selected a small subset of samples (n = 3) and pre-
pared three chips from each sample for experimental heating. Three 
temperatures, 325°C, 400°C and 500°C (one grain/sample for each 
temperature) were selected. In addition we compare results from 
mounds generated by heating in an oven and a heating-freezing stage. 
The oven heating rate was 1°C/minute and the stage heating rate was 
20°C/minute. The oven is Thermacraft clamshell furnace and the stage 

Figure 6 – Map showing sample locations. The UTM grid is 10 x 10 km2. An ideal 
sample set includes one sample from each grid square. 
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Figure 7 – Photomicrograph images of alteration indices used to determine the degree of fluid–rock interaction in SMB granitoid 
samples. (A-C) Chloritization of biotite. (D-F) Perthite. (G-I) Sericite. (J-L) Saussuritization. In all four indices, fluid–rock 
interaction increases from a minimum in the left photomicrograph to a maximum in the right photomicrograph. 
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Figure 8 – Photomicrographs of thin sections displaying white mica varieties in SMB granitoid samples. Mineral abbreviations: 
Crd: cordierite; Mc: microcline; Pl: plagioclase; Qtz: quartz; WM: white mica. (A) Sample LU87-4: coarse-grained, euhe-
dral and equant white mica grain displaying sharp crystal boundaries in equigranular leucomonzogranite. (B) Sample D12-
0124-3: coarse-grained, subhedral white mica in quartz matix showing extensive development of sutured grain boundaries 
and allotriomorphic texture. Biotite grain adjacent to white mica is extensively chloritized. (C) Sample A09-2229: promi-
nent kink in crystal face (001) of coarse-grained white mica that shows extensive sericite alteration along embayed grain 
boundary. (D) Sample A09-2211-2: white mica overgrowth on alkali feldspar grain. (E) Sample D05-3105: white mica 
replacing an earlier biotite phase. Note both mica phases share common optical orientation. (F) Sample BILP-3: medium-
grained white mica clusters on an earlier plagioclase phase. (G) Sample D05-3105: white mica replacement of cordierite 
adjacent to microcline. (H) Sample D12-0122-2: clusters of white mica rosettes in altered granite from the Halifax pluton. 
(I) Sample A15-0008-4: white mica greisens. 
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Figure 9 – Photomicrographs of thin sections displaying secondary fluid inclusions in annealed quartz in SMB granitoid samples. 
(A) Sample A09-0045: two-phase LV-type fluid inclusions forming linear arrays and isolated fluid inclusion assemblages in 
quartz. (B) Sample A03-3024-2: Inundation of variably-sized two-phase (LV) and monophase (L) fluid inclusions. (C) Sam-
ple A04-3004-2: large (15 µm), irregularly-shaped fluid inclusions with common long-axis orientation. (D) Sample A09-
3024: fluid inclusion arrays showing orientations that do not coincide with grain boundary orientations. (E) Sample A09-
2378: fluid inclusion inundation hosted by quartz in a monzogranite sample from the New Ross pluton. (F) Sample A16-
1400: 2-phase (L-V) and monophase (V) fluid inclusions. Note large range in fluid inclusion size. 

Figure 10 – Preparation of samples for SEM-EDS analysis. (A) A slab sample for each grid square covering the study area is 
collected. (B) Fluid inclusion wafers are prepared for petrographic evaluation and identifying of targeted fluid inclusions. 
(C) Chips containing fluid inclusion host mineral, quartz, are cut from wafer and immediately carbon coated (10 – 20 µm 
veneer). Carbon mitigates charge build-up during SEM-EDS analysis. 
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is a Linkham MDS600 heating –freezing stage mounted on a standard 
petrographic microscope stage. Following decrepitation, all samples 
are immediately carbon coated and stored in a desiccation chamber 
until taken to the SEM. 

SEM-EDS operating conditions and acquisition time 
 The LEO 1450VP SEM used in this study was operated with a 

tungsten filament saturated at 3.2-3.3 A, an accelerating voltage of 
25 keV and a working distance range of 17 to 21 mm. The SEM imag-
ing system is equipped with an Oxford Instrument INCA X-max 80 
mm2 silicon drift detector (SDD) EDS analyser linked to a desktop 
computer (INCA software). In this experimental study, point mode 
was used to analyse small (i.e., < 5 µm diameters) mounds, and raster 
mode used to analyse large, irregularly shaped mounds. Results ob-
tained using point and raster modes are reported here. A 60 second 
acquisition time was used for all analyses. However, in an effort to 
determine maximum efficiency with the technique, we collected EDS 
data using a range of acquisition times (5, 10 and 30 second) to assess 
the effect of run time on results. In this sample, six mounds were ana-
lysed three times using 5, 10 and 30 second acquisition times. Thirdly, 
and again to maximize the technique’s efficiency, we conducted anal-
yses to investigate how to determine the minimum number of samples 
required to obtain results that represent the actual solute composition
(s) of a fluid inclusion population. The number of analysis required to 
collected representative data is assessed by comparing results collect-
ed from samples for which we analyse 4, 8, 16 and 32 evaporate 
mounds. 

SEM-EDS instrument calibration and synthesis of standards 
To assess the performance of the EDS detector, we synthesized 

and analysed a series of salt standards. Standards are synthesized with 
salts composed of the major cation and anion species identified in 
mounds analysed during preliminary testing (i.e., mounds generated 
for evaluation of decrepitation temperature). To prepare synthetic 
salts, laboratory-standard NaCl and fluorite crystals were crushed and 
hand mortared to a very fine granular texture. Next, salt compounds 
were mixed to form a simple series of ratios that range from pure 

NaCl and pure fluoride salt (Table 2). Ideally, the matrix effects asso-
ciated with these compounds chosen to make the synthetic mounds are 
similar to the matrix effects associated with evaporate mounds in 
SMB samples. In this study, F, Na, Cl, K and Ca are major solute 
species, and we corrected EDS data for F, Na, Cl and Ca using cali-
bration curves constructed from the analysis of standards (Fig. 11). 

Results 
Petrography 
Extent and degree of fluid–rock interaction in the South Moun-
tain Batholith 

To some extent, alteration assemblages occur in all SMB samples 
examined in this study. Petrographic observation of hundreds of SMB 

Table 1 – Decrepitation temperature ranges used in other evaporate mound research. 

Abbreviations for fluid inclusion types: aqueous-carbonic, A-C; halite, H; liquid, L; solid, S; vapour, V. 

Figure 11 – Calibration curves for major cation and anion species in 
SMB mounds. 
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thin sections, it is known that alteration in SMB granitoids ranges 
from essentially unaltered samples (Fig. 12) to pervasively altered 
samples (Fig. 13). However, location data for samples in the western 
half of the batholith is not preserved, so mapping of petrographic data 
is limited to the eastern half of the batholith (Fig. 14). Several general 
patterns emerge from this data. Firstly, fluid inclusions occur in abun-
dance throughout the batholith. Secondly, perthitic feldspar is much 
more abundant as patch perthite as compared to film and flame 
perthite. Thirdly, saussuritization, or the replacement of plagioclase by 
epidote occurs in much lower abundance than sericite (replacement of 
feldspar by clay minerals. 

Evaporate Mound Analysis 
Decrepitation temperature 

The number of mounds generated during three oven heating runs 
at 325°C, 400°C and 500°C suggests a 500°C decrepitation tempera-
ture is preferable for mound generation. Within the experimental tem-
perature range, mound size is largest in samples heated to 500°C and 
smallest in samples heated to 325°C (Fig. 15A) Further, results 
demonstrate that decrepitation temperature does not impact composi-
tion of evaporate mounds (Fig. 15B). The shape (i.e., morphology) 
and chemical diversity of mounds generated through the oven-
decrepitation of SMB samples is displayed in Fig.16. 

Oven versus stage heating and acquisition time 
Decrepitation of chips from two samples (A09-2378 and A09-

2370), using both oven and stage heating, produced Na-K rich mounds 
(Fig. 17). The median concentrations of Na, Cl and K in mounds gen-
erated by both methods in sample A09-2370 are comparable. Howev-
er, the median concentration of Na, Cl and K in mounds in sample 
A09-2378 are consistently higher in stage-generated mounds. 

Two important results emerge from the preliminary assessment of 
EDS analysis collected using 5, 10 and 30 second acquisition times. 
Firstly, the number of major solute species detected increases with 
acquisition time. The EDS signals for 5 second acquisition time in-
cludes four major solute species (F, Na, Cl and Ca), whereas 10 and 
30 second acquisition times detected five major solute species (F, Na, 

Table 2 – Composition of synthetic mounds. The compositional range 
of salt standards includes the expected compositional range of 
major solutes in evaporate mounds formed by decrepitation of 
fluid inclusions hosted in samples from study area. 

Figure 12 – Photomicrograph images of textures in unaltered SMB granitoids. (A) Sample D13-2-8-10: glomeroporphyritic texture defined by 
fresh reddish-brown biotite grains displaying numerous apatite inclusions. (B) Sample D13-2004: hypidomorphic granodiorite displaying 
coarse-grained (>0.5 mm), euhedral, tabular, zoned plagioclase phenocryst with incipient sericitization. (C) Sample D12-0121-1-C: perva-
sive graphic texture defined by blebby intergrowths of quartz and feldspar of inequigranular leucogranite consisting of fine- to medium-
grained matrix minerals and coarse-grained unaltered quartz. (D) Sample A09-2095: incipient saussuritization and partial sericitization in 
euhedral plagioclase in holocrystalline granodiorite. (E) Sample D12-3074: seritization of zoned euhedral plagioclase displaying incipient 
muscovite development along cleavage planes. Note fluid inclusion trails hosted in along fracture planes in adjacent coarse-grained quartz. 
(F) Sample D05-0015: orthoclase megacryst displaying film and flame perthite. 
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Figure 13 – Photomicrographs of thin sections of pervasively altered SMB granitoid samples. (A) Sample D13-2065. Extreme chloritization of 
biotite with abundant fine-grained opaque inclusions. Note sericitization of adjacent feldspar. (B) Sample A04-1054: Porphyritic granitoid 
displaying coarse-grained quartz phenocrysts with undulose texture and medium-grained plagioclase phenocrysts displaying kinked poly-
synthetic twin planes. Interstitial space filled with secondary fine-quartz grains and white mica. (C) Sample A09-2141: Fine-grained quartz 
grain filling fracture between quartz and feldspar phenocrysts. Quartz grain clearly inundated with fluid inclusions and graphic textures 
matrix displays pockets of white mica. (D) Sample A09-2141: high magnification photomicrograph of quartz-hosted fluid inclusions in 
hydrothermally altered granite. Inclusions are predominately 2-phase types with a liquid/vapour ratio of 95/5. (E) Extreme hydrothermal 
alteration texture. Primary feldspar components are hydrothermally altered, which results in crystallisation of fine-grained epidote and 
white mica. (F) Corse-grained perthitic feldspar displaying patchy albite and orthoclase. (G) Microcline domains adjacent to adjacent to 
subhedral quartz and feldspar grains in hypidomorphic granitoid. (H) Sample D12-0113-2: Chloritization of biotite glomerocryst and inun-
dation of fluid inclusions through all mineral phases evidenced by dusty texture. (I) Sample D12-3071: Coarse-grained poikilitic feldspar 
with blebby quartz inclusions and sparse pinitized cordierite (inset). (J) Euhedral fluorite (isometric) grains ingrown with calcite (high re-
lief) in pervasively altered granitoid. (K) Sample D12-0039. Myrmekitic texture with fine-grained vermicular quartz included in plagio-
clase adjacent to alkali feldspar. Note flame perthite in feldspar. (L) Sample D12-0113-1. Myrmekitic texture in albitic plagioclase defined 
by vermicular intergrowths of quartz. Note also the chloritized biotite intergrown into the plagioclase. 
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Figure 15 – (A) Box and whisker plots of observable mound size versus decrepitation temperature. The important observation is that the 
mounds generated by heating quartz grains to 500°C are larger and more abundant than mounds generated at 325°C and 400°C. (B) Ter-
nary plots of major cation species concentration (normalised wt%) in mounds generated by heating to 325°C, 400°C and 500°C. The im-
portant point is that mound composition is unaffected by decrepitation temperature. 

Figure 14 – Proportional symbol plot showing distributions of hydrothermal alteration textures in SMB granitoids. (A-F) Proportional circle 
sizes represent the degree of alteration assemblages and the abundance of sericite, white mica and fluid inclusions. Scales are qualitative 
(no units) and grouped into three categories: minimal alteration (1-4), moderate (5-7) and pervasive (8-10). 
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Figure 16 – Evaporate mounds generated through decrepitation (500°C) of SMB fluid inclusions hosted by quartz. (A – I) Chem-
ical composition of mounds analysed in raster mode (outlined by red boxes) or point mode (red dots). Units for chemical 
composition are atomic concentrations in mound (normalised to 100%). 

Figure 17 – Box plots comparing results from EDS analysis of oven- and stage-heated samples. The number of Na-Cl-K mounds 
generated by these methods is comparable, suggesting that heating rate does not have an effect on mound generation. 
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Cl, K and Ca). Secondly, the concentrations of major solute species in 
the results for 5, 10 and 30 second acquisition times are consistent 
(Fig.18). 

Calibration for major solute species 
An assessment of default-calibrated data and custom-calibrated 

data are shown in Fig. 19. Comparing the two data sets reveals a dis-
tinct trend: default EDS settings result in an over-reporting of fluorine 
and sodium, and an under-reporting for chlorine and calcium. The 
discrepancy between default- and custom-calibrated data is greatest in 
F and Ca. 

Figure 18 – Box plots of major solute concentration versus EDS ac-
quisition time. Concentrations of major solute species in mounds 
EDS data generated using 5, 10 and 30 second run times are con-
sistent. 

Number of analyses 
From the assessment of results obtained from two samples in 

which 4, 8, 16 and 32 mounds were analysed, there is consistent num-
ber of major solute species detected. The concentration range of major 
solute species however does vary with number of analysis. However, 
this variation shows no consistent pattern in F, Na and Cl. However, 
the median values and range in Ca concentrations appears to be less 
variable than other major solute species (Fig. 20). 

Raster vs. point analysis 
Two important points emerge from assessing EDS data obtained 

from raster- and point-mode analysis of evaporate mounds. Firstly, 
both point-mode analyses substantiate mound heterogeneity (Fig. 21) 
Point analysis reveals that the solute composition of mounds is not 
uniform as elements tend to concentrate in discrete domains within the 
mound. Secondly, point mode analysis reveals elements that are not 
detectable in raster analysis (Fig. 22). Although multiple point anal-
yses can provide average compositions for major solute species that 
are comparable to raster analysis results (Fig 22), minor solute compo-
nents (e.g., S) may not be detected. In addition, X-ray maps reveal that 
sodium chloride and calcium fluoride salts are the dominant salt com-
pounds in SMB decrepitate mounds (Fig. 23). 

Identifying different fluids 
Following screening of the initial data set for internal consistency, 

517 good mound analyses were retained for further analysis. Of these, 
133 are from Phase 1 samples (n = 20) and 384 are from Phase 2 sam-
ples (n = 46). The chemical composition of Phase 1 pluton fluid inclu-
sions is clearly dominated by F-Na-Cl-Ca fluid. In addition, Phase 1 
pluton samples host fluid inclusions that contain trace concentrations 
of S, Zn, Fe, Mo and V (Fig 24A). Conversely, the chemical composi-
tion of Phase 2 pluton fluid inclusions include two populations: a Na-
K fluid and a F-Na-Cl-Ca fluid. Phase 2 pluton hosted fluid inclusions 
carry trace concentrations of S, F, Mo, Mn, Sn and Yb (Fig. 24B). 

Figure 19 – Box plots of element concentration in evaporate mounds 
for major solutes in SMB quartz-hosted fluid inclusions. The 
EDS analyser used in this research, a correction needed to be 
applied due to an overestimation of F and Na and an under esti-
mation for Cl and Ca. 

Figure 20 – Box plots of major element concentrations in mounds verses number of analysis. 
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Figure 21 – Backscattered electron (BSE) images of evaporate mounds and corresponding EDS signals. (A) Na-Cl-K rich mound piled next to 
empty vugs (i.e., evacuated fluid inclusion pit). Point analysis histogram also reveals presence of lead decrepitate. (B) Cubic-shaped Na-Cl 
rich evaporate mounds. Point analysis reveals presence of sulphur residue. (C) F-Na-Cl-Ca rich evaporate mound. Note that presence of F 
and Ca is not resolved in point analysis. Elemental abundance for solute species in mounds in atomic concentrations. 
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Discussion 
In-situ fluid inclusion composition analysis 

All magmatic-hydrothermal mineral deposits share a common 
history, which includes magma fractionation, evolution of an aque-
ous, multi-component fluid phase, partitioning of the fluid phase, 
fluid migration into new T-P-X environments, and eventual precipi-
tations of metals. Evaluating the chemistry of magmatic-
hydrothermal fluids is useful for understanding mineral crystallisa-

tion if the bulk solute composition of the mineralizing fluid(s) is 
accurately determined. Evaporate mound analysis is a unique analyti-
cal technique because it permits in-situ solute characterization of the 
mineralizing fluids preserved as fluid inclusions in rock-forming 
minerals. Furthermore, this method resolves the presence of different 
fluids within single coarse-grained quartz by analysing solutes in 
evaporate mounds formed during the decrepitation of variable-sized 
(i.e., 1 to >30 µm long-axis diameters) fluid inclusions in a cost-
effective and time efficient manner. 

Figure 23 – BSE image and X-ray map analysis of evaporate mound. (A) BSE image of evaporate mound showing raster area in 
red outline. (B) False-colour BSE image of evaporate mound showing X-ray transect. (C-D) X-ray maps of sodium and chlo-
rine. Light-coloured (i.e., bright) areas correspond to areas of high concentration of corresponding element. (E-F) X-ray maps 
of calcium and fluorine. These images show the chemical composition of salt compounds that compose evaporate mounds. 
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Significance of resolving fluid compositions 
The SEM-EDS methodology described herein resolves the solute 

composition of fluid inclusions using simple and effective analytical 
procedures. The results produced from the analysis of SMB quartz-
hosted fluid inclusions in this study provide average solute composi-
tions for a large number (n = 66) of samples. These data record the 
presence of elevated Ca, including those from the chemically 
evolved, therefore calcium-depleted, rocks, and the pervasive occur-
rence of fluorine in samples that are distal to any known mineralisa-
tion. The Ca-bearing fluid may be considered to reflect the petro-
graphic observation of extensive albitization of plagioclase, which 
occurs in all samples. This alteration process could involve a cou-
pled dissolution-precipitation reaction (which leaves a distinctive 
pitted texture in the altered the feldspar and liberated calcium to the 
fluid (Putnis, 2002). The process is attributed to the reaction of an 
orthomagmatic fluid with already crystallised granite, although it 
does not preclude some Ca contribution from a wall-rock metamor-
phic fluid, as indicated from stable isotopes (Kontak and Kyser, 
2011). 

Another point worthy of further discussion is the unexpected 
enrichment of F in the fluid inclusion F-Na-Ca population, which is 
likely the first recognition of this phenomenon in granitic bodies on 
such a scale anywhere. The pervasive occurrence of F in the sample 
set suggests that the generation of this F-rich fluid is part of the natu-
ral evolution of the system and consistent with the presence of topaz 
in the most evolved magmatic rocks and as part of mineralised grei-
sens. Finally, that F enrichment occurs in the same fluid with Ca 
indicates a possible cause and effect relationship which we suggest 
relates to the reactive capacity of the original exsolved Na-F fluid. 

Future studies 
 Outstanding questions about the technique should guide the 

direction of future work. Firstly, in order to relate alteration assem-
blages to fluid-inclusion compositions, petrographic work on sam-

ples for which we have mound data must be completed. Secondly, 
more work is required to explain the variation in data between oven-
generated mounds and stage-generated mounds. Thirdly, we have 
grouped samples by pluton, which is the broadest rock classification 
identified in the SMB. NSDNR mapping identifies 260 mappable 
SMB rock units, which is an available mapping guide for future 
evaporate mound analysis work.   

The usefulness of the technique as an exploration tool for vector-
ing towards areas of mineralisation is not yet known. Application of 
evaporate mound analysis to a local-scale study area (i.e., 1 or 2 km2 
area) would provide an opportunity to assess how the technique may 
be useful to industry. 
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Abstract: Indium is a minor but potentially economically significant component of the ore metal tenor of many 
porphyry-style, stockwork and polymetallic vein-type Sn-W and Sn-base metal deposits of the Canadian Appalachi-
ans. However, indium distribution between deposits is highly uneven, and whereas some deposits contain hundreds 
of kilograms of the metal at grades sufficient to justify recovery, others are near-barren. In order to investigate the 
fundamental temperature, mineralogical, spatial and chemical controls on indium mineralisation in the district, this 
study has taken samples from indium rich and poor occurrences at 10 drilled prospects in southern New Brunswick 
and southwest Nova Scotia, as well as from the past-producing East Kemptville Mine in Nova Scotia. 
Detailed mineralogical characterization of these materials has shown that, contrary to existing models, within this 
district indium is commonly introduced early in the deposit paragenesis, presumably as a component of the initial, 
high-temperature magmatic-hydrothermal fluids. During this phase of mineralisation, indium is dominantly precipi-
tated within copper-rich sphalerite, and it is the distribution of this mineral phase that primarily governs the presence 
or absence of indium within a mineralised body. During later cooling of the deposit a proportion of the indium is 
exsolved from sphalerite during recrystallization, and forms lamellae of a sulphide mineral that resembles sakuraiite 
in the core zones of many individual sphalerite. 

core taken at a variety of deposits across the region were used to char-
acterize the mineralogy and paragenesis of indium-rich and indium-
poor ore assemblages, to determine the mineralogical controls on indi-
um distribution, and to characterize possible mechanisms controlling 
the transport and concentration of indium into viable ore deposits. 

Geology, geochemistry and mineralogy of indium 
Geochemistry 

Indium, in its native form, is a soft, lustrous metal that is highly 
malleable and ductile. In the natural environment, however, the most 
common oxidation state of indium is +3, where its outer valence shell 
comprises a full complement of ten d-orbital electrons. This electron 
configuration leads to a greater degree of covalent bonding and greater 
stability when forming chloride complexes than other elements in the 
same periodic group (Wood and Samson, 2005). The high charge and 
moderate ionic radius of the In3+ ion make it a hard acid, that should 
preferentially form complexes with hard bases (e.g., OH-, F-) and or-
ganic ligands bonding through oxygen (Wood and Samson, 2005). 
The In3+ ion is larger than similar cations of like charge, which results 
in greater tendency to form complexes with chloride and bisulfide 
(Wood and Samson, 2005). 

Indium is not found in significant quantities in common natural 
waters as strong complexation or highly acidic conditions are required 
to solubilize indium at low temperatures (Wood and Samson, 2005); 
for example, indium concentrations are less than 1.7 parts per trillion 
in Japanese freshwater systems that have been exposed to significant 
anthropogenic indium (Nozaki et al., 2000). Higher concentrations of 

Introduction 
Indium has seen a dramatic rise in demand in recent years due to 

the variety of industrial and technology applications it can be put to, 
particularly in electronics. Devices such as touch screens, supercon-
ductors and solar panels incorporate significant quantities of indium, 
and at present there is no practicable or cost-effective substitute avail-
able. 

Within the provinces of New Brunswick and Nova Scotia, rocks 
of the Appalachian Orogen (Fig. 1) contain numerous porphyry- and 
granitoid-related tin, tungsten and base metal deposits that are variably 
enriched with indium, particularly in the vicinity of the past-producing 
Mount Pleasant mine in Charlotte County, NB (Fig. 2), and East 
Kemptville mine near Yarmouth, NS (Fig. 3). In many cases, indium 
content within a deposit may be only slightly enriched above regional 
background levels and does not contribute significantly to the eco-
nomic potential of the deposit. However, at other deposits indium can 
be present in quantities great enough that it comprises a significant 
proportion of the economic ore tenor. At almost 1000 tonnes com-
bined indicated and inferred contained metal (McCutcheon et al., 
2013), the porphyry tungsten-tin-base metal deposits of the Mount 
Pleasant mine represent possibly the largest documented global indi-
um reserve (Sinclair et al., 2006). 

These documented occurrences represent an opportunity to study 
the mechanisms and controls on indium deposition in known indium 
enriched and barren ore forming systems of otherwise similar genesis. 
The objective of the work described herein is to characterize these 
processes in order to provide improved genetic context and explora-
tion targeting criteria. Samples recovered from archival diamond drill 



Geoddeke et al., 2015 

102 

indium, reaching several hundred parts per million, have been docu-
mented from active undersea vent fluids, however (Schwarz-
Schampera and Herzig, 2002). In acidic, fluoride-rich solutions, indi-
um fluoride complexes may play role in the hydrothermal transport of 
indium, but this may be limited by the low solubility of fluorite and 
topaz (Wood and Samson, 2005). Experimental investigations have 
indicated that the only indium chloride species present in a 0.1 mol 
HCl solution at 350°C is the tetrahedrally coordinated InCl4

- ion 
(Seward et al., 2000; Wood and Samson, 2005). The existence of hy-
drothermal enrichments of indium demonstrate that conditions exist 
under which the element is relatively soluble, but at present these are 
only sparsely documented in nature. 

Mineralogy 
Indium can be contained within a variety of minerals, either as a 

major structural constituent or as a trace element substitution (Tables 
1 and 2; Schwarz-Schampera and Herzig, 2002). Minerals within 
which indium is an essential, structural element are rarely found in 
substantial quantities, and indium most commonly occurs in base met-
al sulphides such as sphalerite, chalcopyrite, stannite and stannoidite 
through a range of elemental substitutions. Sphalerite is the most eco-
nomically significant source of indium, with indium-rich sphalerite 
occurs in various types of deposits around the world (Schwarz-
Schampera and Herzig, 2002). The bulk of indium production at pre-
sent is achieved as a by-product of the mining of zinc-rich volcano-
genic massive sulphide (VMS) deposits, such as at the giant Kidd 
Creek deposit in Ontario (Cook et al., 2011a). Other deposits within 
which indium occurs in economically viable quantities also contain 
sphalerite, and indium generally shows a positive grade correlation 
with zinc and copper in bulk analyses (Schwarz-Schampera and Her-
zig, 2002), and a possible negative correlation with iron (Cook et al., 
2009) consistent with the bulk of the indium residing within sphalerite 

Figure 1 – Simplified lithotectonic map of the Appalachian Orogen in Canada. Positions of Figures 2 and 3 are indicated by solid boxes. Modi-
fied after Hibbard et al. (2006), van Staal et al. (2009), Rogers et al. (2014) and references therein. 

Table 1 – Minerals into which indium displays significant natural 
substitution  

Table 2 – Indium minerals 
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Figure 2 – Sample location map of the Mount Pleasant tin-tungsten district, Charlotte County, New Brunswick. 
Bedrock geology after McLeod et al. (2005). 



Geoddeke et al., 2015 

104 

Figure 3 – Sample location map of the southwest Nova Scotia tin domain, Yarmouth County, Nova Scotia. 
Bedrock geology after White et al. (2012). 
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and copper sulphide minerals. This distribution is observed at the 
Mount Pleasant deposits, where sphalerite is the most important indi-
um host, with chalcopyrite the second most significant host (Sinclair 
et al., 2006). 

Formation of indium-rich sphalerite may occur as part of primary 
mineralisation or may be part of later alteration, with a possible posi-
tive correlation between high temperatures of formation or alteration 
and indium content within sphalerite (Cook et al., 2011b). Indium-rich 
sphalerite has been associated with elevated copper content. Second-
ary alteration processes, such as those associated with ‘chalcopyrite 
disease’, have been associated with the formation of iron rich and 
indium-bearing sphalerite (Barton and Bethke, 1987; Eldridge et al., 
1988; Schwarz-Schampera and Herzig, 2002). Incomplete or 
‘disordered’ solid solution series have been suggested between sphal-
erite and roquesite [CuInS2], and between sphalerite and stannite [Cu2
(Fe,Zn)SnS4] (Sinclair et al., 2006; Cook et al., 2011b). The solid 
solution between sphalerite and stannite encompasses the stannite-
group mineral sakuraiite [(Cu,Fe,Zn)2(Sn,In)S4]. 

Indium substitutes for either zinc or iron in the lattice of sphaler-
ite, usually in conjunction with copper through a charge-balanced 
coupled substitution mechanism. This substitution requires that 
Cu++In3+ replaces 2(Zn2+,Fe2+). Replacement zones in experimentally 
synthesized sphalerite crystals indicate that iron was preferentially 
replaced by indium, rather than zinc (Bente and Doering 1995). How 
this process varies as a function of temperature is not fully understood, 
although it has been theorized that indium substitution occurs in sphal-
erite over the relatively narrow temperature range of 350-400°C 
(Cook et al., 2011b). 

Chalcopyrite can also host significant indium, and in some occur-
rences has higher indium content than coexisting sphalerite (Schwarz-
Schampera and Herzig, 2002). Stannite and stannoidite have also been 
documented as hosts for indium, as have tennantite-tetrahedrite, cas-
siterite, and a variety of other minerals (Table 1; Cook et al., 2011b). 
The formation of roquesite, and other minerals within which indium is 
a required structural component, has been interpreted to occur only 
where the availability of minerals containing indium-replaceable ele-
ments (e.g., iron in sphalerite) is limited (Cook et al., 2011b). 

Deposit associations 
Indium is commonly associated with zinc-rich sulphide deposits 

such as VMS, sedimentary exhalative (SEDEX) and skarn types, but 
is also concentrated in tin porphyry, stockwork vein, and epithermal 
systems (Schwarz-Schampera and Herzig, 2002). The average crustal 
abundance of indium is ca. 0.1 ppm, but concentrations within known 
deposits can range up to ca. 3000 ppm (reported from polymetallic 
veins; Murao et al., 2008). The majority of present global production 
is from zinc-rich VMS deposits, whereby indium is recovered as a by-
product of zinc processing. However, the majority of known indium 
reserves reside in porphyry-related deposits such as that those found at 
the Mount Pleasant mine in New Brunswick (Jorgenson and George, 
2004). Previous models for the formation of the Mount Pleasant de-
posits suggested that indium-bearing mineral assemblages were super-
imposed on earlier tungsten-iron-tin-molybdenum or zinc-bearing 
assemblages at temperatures in excess of 350°C (Schwarz-Schampera 
and Herzig, 2002). However, in light of recent detailed studies of indi-
um mineralogy and inter-mineral partitioning by Cook et al. (2011b), 
observations of coexisting indium-poor sphalerite and roquesite within 
the North Zone at Mount Pleasant suggest that indium introduction 
was not solely a late stage phenomenon. 

Deposit geology 
Within the Canadian Appalachian region a number of different ore 

deposit styles occur that contain significant indium, including 
porphyry, stockwork vein, and epithermal types and many of the VMS 
deposits of the Bathurst Mining Camp in New Brunswick contain 
extractable indium (e.g., Brunswick #12). Assay data from the 
porphyry and stockwork deposits at Mount Pleasant, Pleasant Ridge/
Pomeroy, Pughole and True Hill in New Brunswick (Fig. 2) indicate 
enrichments of indium of potentially economic significance. The larg-
est of these is 620 tonnes of contained indium metal identified within 
the Mount Pleasant deposits (Sinclair et al., 2006). In Nova Scotia, the 
East Kemptville, Dominique, Duck Pond and Egypt Road deposits 
(Fig. 3) have also been identified as potential indium resources. Dur-
ing the late 1970s and early 1980s, extensive diamond drilling of these 
deposits was carried out and recovered drill core from many were 
assayed for indium at that time. Technology-driven demand for indi-
um in more recent times has led to reassessment of these materials and 
their potential at providing a means to resolve the mode of occurrence 
and controls on indium endowment within these provinces. 

Most of the deposits within the Canadian Appalachians document-
ed as hosting economically significant indium contents (>60 ppm; 
Sinclair et al., 2006) were formed during the Devonian to Early Car-
boniferous Acadian and Neoacadian orogenies (van Staal et al., 2009, 
and references therein). Of those indium-rich deposits linked to mag-
matism associated with granitoid emplacement, the Mount Pleasant in 
Charlotte County, south-western New Brunswick, has attracted the 
most detailed academic investigation. Here, indium occurs mainly in 
sphalerite but is also associated with chalcopyrite. The indium poten-
tial of deposits within the Southwest Nova Scotia Tin domain, includ-
ing the past-producing East Kemptville mine, is less well understood. 
Multiple replacement and mineralisation events are common to the 
deposits, with mineralisation occurring as pockets in veins and along 
the interface between veins and their host lithologies. Greisen-style 
alteration is commonly associated with tin and indium deposition, but 
not exclusively. Not all areas subject to greisen alteration contain 
elevated indium, but indium-rich sphalerite is largely associated with 
greisen alteration (Halter et al., 1998; Sinclair et al., 2006). 

New Brunswick indium deposits 
Mount Pleasant 

The Mount Pleasant deposit comprises two discrete centres of 
porphyry-style intrusive mineralisation, located at the south-western 
margin of the late Devonian Mount Pleasant Caldera Complex (Fig. 2; 
McCutcheon et al., 2010). These two centres, each cored by magmatic
-hydrothermal breccia, are the Fire Tower Zone and the North Zone. 
Of these, the Sn-Zn-dominated North Zone contains most of the sig-
nificant indium mineralisation (Fig. 4; Sinclair et al., 2006), while the 
W-Mo-Bi-rich Fire Tower Zone is less strongly enriched in indium, 
and its distribution within this zone is irregular. Within the Mount 
Pleasant deposits, indium mineralisation is strongly correlated to zinc 
abundance and, to a lesser extent, copper (Sinclair et al., 2006). There 
is also a weaker correlation between indium and tin, and little to no 
correlation between indium and cadmium. Indium is dominantly host-
ed within sphalerite (ca. 90 %) and chalcopyrite (ca. 9 %), with minor 
quantities contained within stannite group minerals (to ca. 1 %) and 
sparse indium minerals such as roquesite (<<1 %). Whole-rock indium 
concentrations from Mount Pleasant range from 1 to 3690 ppm, with a 
median value of 58 ppm (Sinclair et al., 2006). 
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The North Zone mineralisation is hosted within stockwork bodies 
contained within a cluster of breccia pipes and subvolcanic granite 
plutonic bodies. The granitic phases have been subdivided into three 
main sequences, which from oldest to youngest are designated Gran-
ites I, II and III. These have been interpreted as representing the cool-
ing stages of a single parent magma body (McCutcheon et al., 2010). 
Granite I is associated with low-grade tungsten and molybdenum min-
eralisation, and was brecciated and altered by fluids released during 
subsequent emplacement of Granite II beneath it. Individual intrusive 
bodies of Granite II are approximately cone-shaped, and contain brec-
cia pipes in their upper portions. These breccia pipes are thought to be 
of magmatic-hydrothermal origin, caused by the exsolution of mag-
matic fluids from the cooling plutonic bodies. Metallic mineral precip-
itation was likely caused by a combination of rapid cooling and in-
creasing pH within the magmatic fluids, as a consequence of their 
interaction and mixing with groundwater (Sinclair et al., 2006). 

The North Zone is itself divided into several sub-zones that exhibit 
different alteration and mineralisation characteristics. Of particular 
interest for their indium content are a high-sulphide near surface zone 
(HSNSZ) of breccia and vein-hosted lodes, the Upper and Lower 
Deep Tin Zones (UDTZ and LDTZ), and the Endogranitic Zone (EZ; 
Sinclair et al., 2006). Within HSNSZ deposits, cassiterite, arsenopy-
rite, lollingite and sphalerite are the major ore minerals present, asso-
ciated with lesser stannite, marcasite, pyrite, galena, wolframite, mo-
lybdenite, tennantite, chalcocite, bornite, native bismuth, bismuthinite 
and wittichenite. Sinclair et al. (2006) report indium grades of the #4 
Lode from within this zone of up to 91 g/t. The Sn-base metal deposits 
of the UDTZ are associated with the highest indium tonnages, report-
ed as 1.7 Mt of ore, grading 280 g/t indium at a cut-off grade of 60 g/t 
(Sinclair et al., 2006). Within veins and breccia bodies of the UDTZ, 
major ore minerals observed are sphalerite, chalcopyrite, arsenopyrite 

Figure 4 – Schematic cross section through the Fire Tower Zone and North Zone at the Mount Pleasant mine, New Brunswick (Fig. 2), facing 
southwest. Each zone comprises a cluster of W-(Mo-Bi) and Sn-(In-Zn-Cu) mineralised bodies centred on a near-vertical plug of magmatic-
hydrothermal breccia associated with the second phase of intrusion of the Mount Pleasant Porphyry complex (Granite II)  into older rocks of 
the Mount Pleasant Caldera complex. Annotation nomenclature used is the informal mine terminology, but formal unit names given in pa-
rentheses and colour scheme are per Figure 2. Modified from McCutcheon et al. (2010; 2013) and Sinclair et al. (2006).  
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and cassiterite, with minor roquesite, lollingite, tennantite, stannite, 
stannoidite and wittichenite. The UDTZ forms a near-horizontal to 
steeply dipping body of highly silicified and brecciated early Granite 
II, adjacent to a local cupola of a later phase of Granite II. The genet-
ically associated LDTZ bodies are situated beneath and outward of the 
UDTZ mineralisation. In contrast to UDTZ bodies, the LDTZ exhibits 
relatively low indium concentrations, commonly assayed at between 5 
and 20 g/t (Sinclair et al., 2006), and mineralisation is dominantly 
hosted within cassiterite and arsenopyrite veinlets within greisen 
(quartz-topaz) and chlorite-biotite alteration. Mineralisation within the 
EZ is compositionally and mineralogically similar to the LDTZ, but 
major mineralised interval in this zone was preceded by two additional 
phases of hydrothermal alteration, comprising pervasive sericitic alter-
ation cross-cut by fracture-controlled chloritic alteration. The EZ is a 
large, tabular body containing 1.4 Mt of ore grading an average of 
45 g/t indium. 

Pleasant Ridge/Pomeroy 
Although the Mount Pleasant deposits are the most studied in the 

area, the surrounding district contains numerous additional deposits of 
similar age and genetic character associated with smaller granitoid 
intrusive and plutonic bodies. Claim groups including True Hill and 
Pleasant Ridge (later Pomeroy) have been assayed and shown to con-
tain elevated indium. Of these, the Pleasant Ridge/Pomeroy deposit in 
particular has significantly elevated indium concentrations, together 
with geological characteristics and similar zinc and copper mineral 
associations that appear similar in nature to the Mount Pleasant North 
Zone deposits (Watters and Martin, 2009). 

Nova Scotia indium deposits 
Southwest Nova Scotia has been subject to exploration interest for 

tin and tungsten deposits since the mid-1970s, following the discovery 
of mineralised granite and metasedimentary rocks near Wedgeport in 
Yarmouth County (O’Reilly, 2012). Intensive exploration has deline-
ated a broad swathe of deposits from a zone south and east of Yar-
mouth itself, north-eastward along the margin of the late Devonian 
South Mountain Batholith, to the East Kemptville deposits, a distance 
of approximately 50 km. Within the Southwest Nova Scotia Tin Do-
main the various granite- and metasediment-hosted deposits have 
highly variable indium content. 

East Kemptville 
The East Kemptville deposit occurs along the northeast-trending 

East Kemptville Shear Zone at the margin of the Davis Lake Pluton of 
the South Mountain Batholith. The deposit is hosted partly within 
peraluminous granite and partly within Meguma Group metasedimen-
tary rocks. Magmatic aqueous fluids exsolved from the cooling intru-
sion, enriched in tin, iron, zinc, sulphur and fluorine, were focused 
along fault planes and interacted with wall rocks, creating greisen-
style alteration and mineralisation. Two main zones of greisen miner-
alisation have been defined within the East Kemptville property: the 
Main and Baby zones. Both are linked to leucogranite bodies of simi-
lar composition, and are dominated by greisen-style mineralisation 
developed both within the granites and their surrounding metasedi-
mentary rocks. 

The Main Zone deposit at East Kemptville is a well-documented 
example of greisen tin mineralisation, that locally has been subdivided 
into ‘massive’ and ‘zoned’ styles (Halter et al., 1996). Massive grei-
sens formed from overlapping of individual alteration halos in highly 
fractured zones (Halter et al., 1998). Zoned greisens are confined to 

individual veins that were subject to multiple stages of alteration 
(Halter et al., 1996). In each case, leucogranite was initially altered to 
a quartz-sericite greisen assemblage through the replacement of feld-
spars by muscovite, which in turn was altered to quartz-topaz greisen 
that is associated with development of significant cassiterite and sul-
phide mineralisation (Halter et al., 1998). Zonation developed through 
overprinting of alteration developed by successive pulses of fluid 
infiltration. The Baby Zone is centred on a separate cupola-like intru-
sion some 200 m to the southwest of the Main Zone, and only displays 
the zoned greisen mineralisation style (O’Reilly and Kontak 1992). 
Mineralisation within the Baby Zone is almost exclusively within 
quartz-topaz greisens, and is more concentrated than within the Main 
Zone (Halter et al., 1998). 

The East Kemptville mine was developed during the 1980s as 
North America’s first primary tin producer, based solely on the 
deposit’s tin resource, but was forced to close in the early years of the 
1990s due to the collapse of the tin price (O’Reilly, 2012). Recent re-
examination of assay data taken during initial development of the 
property coupled with analysis of additional diamond-drill core mate-
rial from recent and archived drilling programs within the East 
Kemptville footprint and from prospects in the immediate vicinity has 
revealed intervals containing indium at concentrations of up to 81 g/t 
(Avalon Rare Metals Inc., 2010). 

Duck Pond 
The Duck Pond prospect is located approximately 2 km to the 

west of the East Kemptville deposit, within the East Kemptville Shear 
Zone. Mineralisation at Duck Pond occurs in three distinct styles: 
strata-bound, quartz-chlorite-sulphide veins, and silicified/sericitised 
zones. Metallic minerals associated with this deposit occur primarily 
within the quartz-chlorite veins and strata-bound zones. The Duck 
Pond host rocks are primarily metawacke and meta-argillite sequences 
of the Goldenville Formation (Pitre and Richardson, 1989). The min-
eral hosting veins have been attributed to repeated hydrostatic fractur-
ing of the country rocks by volatiles released from underlying mag-
matic intrusions. Multiple intrusive tin-porphyries within the Duck 
Pond property are assumed to occur as a result of deformation associ-
ated with the formation of the East Kemptville Shear Zone (Pitre and 
Richardson, 1989). Although the deposits within the Duck Pond prop-
erty are compositionally similar to the East Kemptville deposits, they 
occur in different host strata and have some significant geochemical 
and mineralogical differences to the larger deposit to the east. Fluorine
-bearing and tin sulphide minerals are unknown at Duck Pond, where-
as trace tourmaline is reported by Pitre and Richardson (1989) that is 
not present at East Kemptville. Iron-, copper- and arsenic-rich miner-
alisation occurs within zones associated with argillic alteration at 
Duck Pond, whereas alkalic alteration zones have associated musco-
vite, and chloritized zones are associated with elevated cassiterite, 
chalcopyrite and sphalerite (Pitre and Richardson, 1989). 

Dominique 
The Dominique deposit occurs within metasedimentary strata of 

the Goldenville Formation ca. 40 km southwest of the East Kemptville 
and Duck Pond deposits. Although the mineralisation styles are simi-
lar, the multiple granitoid intrusions in this area, such as the Early 
Carboniferous Wedgeport Pluton, are interpreted as significantly 
younger than the Late Devonian Davis Lake Pluton associated with 
the tin mineralisation in the vicinity of East Kemptville (McLean et 
al., 2003). Mineralised zones at Dominique are hosted primarily with-
in chloritic shear zones, as replacements, and within quartz-carbonate 
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veins developed within altered calcareous wacke and black slate. 
Three separate, east-trending zones of altered and mineralised host 
rocks were identified during exploration by Shell Canada and Votix 
Corporation, and subsequent follow-up work conducted by the Nova 
Scotia Department of Natural Resources (O’Reilly and Kontak, 1992). 
Although indium distribution within the various zones of the 
Dominique prospect is highly variable (indium content reach ca. 90 g/t 
within the most northerly zone; O’Reilly and Kontak, 1992), a strong 
correlation with zinc content has been identified. 

Sampling and methods 
Samples of mineralisation at each described location were recov-

ered from surface outcrop locations (where available) and archival 
diamond-drill core materials held within the New Brunswick and No-
va Scotia provincial government repositories, plus additional East 
Kemptville samples from recent exploration drill core from Avalon 
Rare Metals. Samples recovered are described in brief in Table 3. 
Samples were chosen to illustrate the greatest range of mineralisation 
and alteration associations possible from within those deposits known 
to be enriched in indium, or those of economic significance apparently 
bereft of indium. Data sources used to select core intervals for sam-
pling include archived assay and core logs available through public 
records in both provinces, and those archived alongside core materials 
at warehousing facilities in Sussex, NB, and Stellarton, NS. 

These samples were subsequently used to prepare polished sec-
tions for mineralogical analysis and geochemical investigation. Sam-
ple mineralogy and paragenesis were thoroughly characterized using a 
combination of optical and scanning electron microscopy techniques, 
including cathodoluminescence imagery, and quantitative mineral 
chemistry was determined using electron probe microanalysis 
(EPMA). 

Results and discussion 
Detailed analysis of material from the Pomeroy deposit has indi-

cated that existing models for the incorporation of indium within tin-
tungsten-base metal mineralisation likely need revisiting. Pomeroy is 
associated with the Pleasant Ridge Granite and contains sulphide-rich 
intersections (characterized by arsenopyrite, cassiterite, chalcopyrite, 
galena, hematite, magnetite, pyrite, and sphalerite) containing up to 
15 wt% zinc and 1 wt% tin. An indium-rich phase that is tentatively 
interpreted as sakuraiite occurs as exsolution lamellae in sphalerite 
that also exhibits chalcopyrite disease (Fig. 5). Globally, indium is 
principally reported as a trace component in sphalerite, although indi-
um minerals such as roquesite (CuInS2) and sakuraiite ((Cu,Fe,Zn)3
(In,Sn)S4) have been described from a variety of deposits (Schwarz-
Schempera and Herzig, 2002). A solid solution has been proposed 
between both roquesite and sphalerite (Cook et al., 2009) and sa-
kuraiite and sphalerite (Murao et al., 2008). It has been proposed that 
indium can either be incorporated into sphalerite during initial precipi-
tation or through secondary alteration during interaction with copper-
rich, high temperature (200-400°C) fluids, the latter being associated 
with the development of chalcopyrite disease. 

The indium mineral lamellae at Pomeroy are restricted to the cen-
tres of sphalerite crystals (Fig. 5b, c), suggesting that the initial stages 
of sphalerite crystallization incorporated significant indium and cop-
per, which were subsequently exsolved as the unknown mineral 
(sakuraiite?). The outer parts of the sphalerite crystals incorporated 
less copper and indium, presumably reflecting a decrease in the cop-
per and indium concentrations in the fluid as a result of changes at 

Figure 5 – Backscattered electron photomicrograph images of indium-
rich sulphide assemblages from the Pomeroy deposit, New Bruns-
wick: a) aggregate of granular sphalerite (sph) crystals with high-
reflectivity cores; b) high magnification image of a high-
reflectivity zone in the core of a sphalerite grain. Cross-cutting 
exsolution lamellae of an unknown sulphide mineral (unk), likely 
sakuraiite, and associated peripheral chalcopyrite blebs; c) high 
magnification image of putative sakuraiite (unk) exsolution lamel-
lae in sphalerite, formed along three cleavage planes. 
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source, or locally due to the incorporation of these elements into early-
formed sphalerite. Regardless, these observations demonstrate that 
late addition of indium (and copper) to sphalerite is not a viable model 
for this assemblage at Pomeroy. 

Elemental analysis of all the major phases present in the Pomeroy 
mineralisation was conducted by EPMA. Copper, Fe, Zn, In and Sn 
data are summarized as a ternary plot in Figure 6. This plot displays 
an evident solid solution straight line array between sphalerite and the 
unknown exsolution mineral. Although the grain sizes of the lamellae 
are too small to allow unambiguous mineralogical determinations, the 
trend of the solid solution is toward the stoichiometric composition of 
sakuraiite, reinforcing the postulated initial mineralogical interpreta-
tion. In addition, analyses of grains more certainly known to be sa-
kuraiite show that there is a significant excess of copper within their 
composition, relative to the stoichiometric ideal composition of that 

mineral. This may be a simple substitution rather than a solid solution 
relationship between sakuraiite and chalcopyrite, as the scatter in these 
data within the ternary plot do not vector toward the chalcopyrite stoi-
chiometric composition. Solid solution between sakuraiite and anoth-
er, more copper-rich, sulphide phase (possibly bornite; Fig. 6) cannot 
be discounted but the data herein are not sufficient to confirm the 
existence of this relationship at present. 

Conclusions 
Detailed mineralogical characterization of these materials has 

shown that within this district indium is commonly introduced early in 
the deposit paragenesis, presumably as a component of the initial, high
-temperature magmatic-hydrothermal fluids. During this phase of 
mineralisation, indium is dominantly precipitated within copper-rich 
sphalerite, and it is the distribution of this mineral phase the primarily 
governs the presence or absence of indium within a mineralised body. 
During later cooling of the deposit a proportion of the indium is 
exsolved from sphalerite during recrystallization, and forms lamellae 
of a sulphide mineral that resembles sakuraiite in the core zones of 
many individual sphalerite crystals. 

The identification of indium as a part of the initial, high-
temperature, magmatic-hydrothermal ore fluid composition, and the 
trapping mechanism suggested by the presence of the putative sa-
kuraiite lamellae within sphalerite, all indicate that indium concentra-
tion should be maximised closest to the centre of hydrothermal activi-
ty. Hence, although apparently unpredictable, indium content may be 
a useful indicator of and vector toward the position of porphyry and 
granite intrusion cupolas. 
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Figure 29 – Calcite filled pod rimmed by drusy quartz within the Nashwaak Granite at Stop 1-04. 

Figure 30 – Field photograph of the Nashwaak Granite outcrop along the edge of the Nashwaak River at Stop  
1-05A. 

Figure 31 – Field photographs of an aplitic dyke cutting equigranular biotite granite of the Nashwaak Granite at 
Stop 1-05A. 

Figure 32 – Howard Peak Granodiorite: medium- to coarse-grained plagioclase-rich diorite/granodiorite, cross-cut 
by fine- to medium-grained biotite-bearing felsic dykes interpreted to be derived from the Nashwaak Granite 
(Stop 1-06). 

Figure 33 – Schematic diagram of the trench at Zone I. 

Figure 34 – Field photograph showing the faulted contact between metasedimentary rocks and granodiorite in the 
trench at Zone I (Stop 1-07). 

Figure 35 – C-S fabric developed in silicified metasedimentary units in the trench at Zone I, Sisson deposit (Stop  
1-07). 

Figure 36 – Foliated Howard Peak Granodiorite cross-cut by northerly-trending granitic dykelets, which in turn are 
cross-cut by west-northwesterly trending, molybdenite-bearing quartz veins (Stop 1-08). 

Figure 37 – Foliated Howard Peak Granodiorite cross-cut by granite pegmatite dyke at Stop 1-08. 

Figure 38 – Exploration trench at Zone III of the Sisson deposit at Stop 1-09. 

Figure 39 – Intersecting, molybdenite-bearing quartz veins in the Zone III trench at Stop 1-09, Sisson deposit. 

Figure 40 – Till sections in the Zone III trench of the Sisson  W-Mo  deposit. 

Figure 41 – Geology map of the trenched exposure at the Zealand Station prospect (Stop 1-11). 

Figure 42 – Bedrock Geology map in the areas covered by Stops 2-01 and 2-02. 

Figure 43 – Exposed outcrop of migmatite (Trousers Lake Metamorphic Suite) pendant enclosed within the 
Nashwaak Granite (Stop 2-01). 

Figure 44 – Porphyroblast development in the metamorphic aureole of the Nashwaak Pluton (Stop 2-02) 

Figure 45 – Bedded quartzose wacke and siltstone exhibiting a prominent S1 fabric and metamorphic spotting (Stop 
2-03). 

Figure 46 – Middle Ordovician Hayden Lake Formation massive siltstone and lithic wacke with rare tuffaceous ash 
beds (Stop 2-04). 



Granite-related mineralization and alteration in the Acadian Plutonic Belt 

119 

Figure 47 – Exo-contact mineralisation of the Two and a Half Mile Brook occurrence (Stop 2-05). 

Figure 48 – Coarse-grained granite of the Burnthill Pluton (Stop 2-06). 

Figure 49 – Simplified geology of the Burnthill region. 

Figure 50 – Endogranitic quartz veins and greisen hosting Sn-W-Mo mineralisation of the Tin Hill occurrence (Stop 
2-07). 

Figure 51 – Endogranitic quartz veins and greisen hosting Sn-W-Mo mineralisation of the Tin Hill occurrence (Stop 
2-07). 

Figure 52 – Cordierite-spotted and hornfelsed metasedimentary rocks (siltstone and wacke) of the Knight's Brook 
Formation, Miramichi Group (Stop 2-08). 

Figure 53 – Multiple phases of the Burnthill Pluton – medium to coarse-grained, seriate to equigranular textured 
biotite granite is cut by pods of the porphyritic quartz-feldspar microgranite (Stop 2-09). 

Figure 54 – Rapakivi texture developed in the Burnthill Pluton at Stop 2-09. 

Figure 55 – Coarse-grained feldspar augen granite (orthogneiss) of the McKiel Lake Suite (Stop 2-10). 

Figure 56 – Migmatite of the Trousers Lake Metamorphic Suite cut by Devonian pegmatite veins (Stop 2-11). 

Figure 57 – Coarse-grained biotite granite of the Juniper Barrens Pluton (Stop 2-12). 

Figure 58 – Small, roadbed outcrop of Hayden Lake Formation aphanitic rhyolite (Stop 3-01).   

Figure 59 – Cordierite-spotted siltstone and quartzose wacke of the Knight's Brook Formation, Miramichi Group, 
cut by numerous wolframite-bearing quartz veins (Stop 3-02). 

Figure 60 – Composite plan map of underground workings at the Burnthill Mine. 

Figure 61 – Quartz veins and W-Sn-Mo mineralisation related to the nearby Burnthill Mine Property (Stop 3-02). 

Figure 62 – Exogranitic mineralisation developed in metasedimentary rocks of the Knight's Brook Formation at the 
adit portal of the Burnthill Mine (Stop 3-03A). 

Figure 63 – Molybdenite mineralisation and bladed wolframite associated with quartz veins and greisen at the 
Burnthill Mine. 

Figure 64 – Bedrock geology of the Burnthill and Dungarvon areas showing the location of the Todd Mountain 
occurrence in relation to mineral occurrences throughout the region. 

Figure 65 – Locally garnetiferous metasedimentary rocks of the Knight's Brook Formation, Miramichi Group, at the 
Todd Mountain Sn Occurrence (Stop 3-04). 

Figure 66 – Contrasting mineralisation styles at the Todd Mountain deposit. A) Arsenopyrite along widely spaced 
fracture cleavage. B) Cassiterite-bearing greisen. 
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Safety issues 

Field trips such as this may involve hazards to the leaders and participants. The organizers recommend steel-
toed safety boots when working around road cuts, cliffs, or other locations where there is a potential hazard from 
falling objects. Some field trip stops require sturdy hiking boots for safety. 

The weather in New Brunswick can be unpredictable, and participants should be prepared for a wide range of 
temperatures and conditions, and so always take suitable clothing. 

 Above all, field trip participants are responsible for acting in a manner that is safe for themselves and their co-
participants. This responsibility includes using personal protective equipment (PPE) when necessary. We will be 
working in a granitic terrain, with very hard splintery rocks (granites and hornfels). At all outcrops please be careful 
if taking samples; make sure you have safety glasses and that those around you are aware of what you are doing. 
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Figure 1 – Radarsat image of New Brunswick and Maine, showing relief of the Miramichi Highlands and the 
location of the Acadian Plutonic Belt. 
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Geological Setting of the Acadian Plutonic Complex in the  
Miramichi Highlands, Central New Brunswick 

Introduction 

The Acadian Plutonic Belt is a region of widespread Late Silurian to Late Devonian plutonism and associated 
mineral occurrences that are principally exposed in the Juniper region of central New Brunswick (Figs. 1 and 2). 
This belt contains voluminous plutons of varying age and composition that formed during the Acadian and Neoaca-
dian orogenies (ca. 420-360 Ma), which intrude the high-grade migmatites and variably metamorphosed (greenschist 
to amphibolite) volcanic and sedimentary rocks of the central Miramichi Highlands (Fig. 2). The Acadian Plutonic 
Belt (Fig. 3) is host to a variety of endogranitic and exogranitic deposits of Sn, W, Mo, Sb, Cu, Au, Ag, and rare 
earth elements, as well as numerous beryl and tourmaline pegmatite occurrences. In the eastern half of the Acadian 
Plutonic Belt, the Late Devonian Burnthill and Dungarvon granites are among the most prolific plutons for generat-
ing Sn-W-Mo mineralisation, including the past producing Burnthill W Mine. Early Devonian plutons in the western 
half of the belt intrude high-grade migmatites of the Ordovician Trousers Lake Metamorphic Suite and are typically 
barren of any Sn-W-Mo-Cu mineralisation. In contrast, the Early Devonian Nashwaak Granite that occurs to the east 
of the Trousers Lake Metamorphic Suite contains numerous zones of greisen-style and potassic alteration and is po-
tentially the source for the exogranitic W-Mo mineralisation at Sisson, the largest known W-Mo deposit in the entire 
Acadian Plutonic Belt. The age of the Sisson mineralisation is however only poorly constrained as syn- to post-
intrusive in relation to the main body of the Nashwaak Granite (ca. 422-416 Ma) and predating post- deformational 
biotite-granite dykes dated at ca. 364 Ma. 

Overall, Devonian plutonism is considered to be the source of widespread Sn-W-Mo-Cu mineralisation 
throughout the Acadian Plutonic Belt, with timing (age), local geology, and mode of emplacement significantly con-
straining mineralisation. 

Regional Geology 

The Miramichi Highlands of central New Brunswick (Figs. 2 and 3) are characterized by Cambrian to Early 
Ordovician quartzose sedimentary rocks of the Miramichi Group and overlying Middle Ordovician volcanic and sed-
imentary rocks that are correlated to the Tetagouche Group, as defined for the Bathurst Mining Camp approximately 
100 km to the northeast (van Staal and Fyffe, 1991, 1995a, 1995b; van Staal et al., 1992; Fyffe et al., 1997). The 
Miramichi Group in the Sisson Brook area comprise a deep-water, turbiditic sequence of interbedded quartzose 
sandstone and shale that are allocated to the Knights Brook Formation. The base of the Tetagouche Group in the 
central Miramichi Highlands is marked by a thin unit of conglomerate and interbedded calcareous siltstone and felsic 
tuff (Turnbull Mountain Formation). The calcareous siltstone in the Turnbull Mountain Formation in central New 
Brunswick and correlative Vallée Lourdes Formation in the Bathurst area of northeastern New Brunswick contain 
Early Ordovician (Arenigian) brachiopods (Fyffe, 1976; Neuman, 1984; Fyffe et al., 1997; Poole and Neuman, 
2003). The upper part of the Tetagouche Group in central New Brunswick comprises the Hayden Lake Formation, 
which consists of ferromanganiferous cherty siltstone, black chert and shale interbedded with mafic volcanic rocks, 
along with minor felsic volcanic rocks, which in turn is overlain by wacke and shale of the Ordovician Push and Be 
Damned Formation. The bimodal volcanic rocks of the Tetagouche Group are interpreted, on the basis of their geo-
chemical composition, to have been generated in an intra-arc rift to back-arc basin transitional setting (van Staal, 
1987; van Staal et al., 1991, 2003; van Staal and Fyffe, 1995a). 
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Figure 2 – Geology of west-central and southwestern New Brunswick, showing the location of the Sisson 
Brook, Burnthill and Zealand Station deposits (after Fyffe et al., 2010). 



Rogers et al., 2015 

124 

Figure 3 – Regional geology map highlighting the various Late Silurian to Late Devonian Acadian Plutonic 
Belt intrusions (after Smith and Fyffe, 2006). 
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Pre-Silurian rocks in the Miramichi Highlands can be broadly divided into four lithostratigraphic groups (Figs. 
3 and 4), namely the Miramichi and Woodstock groups of the Gander Zone and Tetagouche and Meductic groups of 
the Dunnage Zone (van Staal, 1987; van Staal and Fyffe, 1991; van Staal et al., 2003). 

The Miramichi Group consists of a continentally derived turbidite sequence of quartz wacke, quartzite, silt-
stone, and shale of Early Cambrian to Early Ordovician age, consistent with the presence of Tremadocian graptolites 
in black shale of the Woodstock Group (Fyffe et al., 1983). The Miramichi Group has been divided into three for-
mations; from oldest to youngest, they are: 1) a lower sequence of thick-bedded quartzose sandstone (Chain of 
Rocks Formation); 2) a middle sequence of medium-bedded quartzose sandstone and shale (Knights Brook For-
mation); and an upper sequence of medium- bedded feldspathic wacke and shale (Patrick Brook Formation). The 
major distinguishing feature between the Knights Brook and Patrick Brook formations is the colour and composition 
of sandstone, whereas the Chain of Rocks Formation is dominated by coarser-grained clasts, sandstone and grey-
wacke (van Staal and Fyffe, 1991; van Staal et al., 2003). 

Along the western margin of the Acadian Plutonic Belt, the Trousers Lake Metamorphic Suite occurs as a dis-
membered slice of high-grade amphibolite-facies migmatite in thrust contact with lower-grade (middle-greenschist) 
sedimentary rocks of the Miramichi Group (Fyffe et al., 1988). The Trousers Lake Metamorphic Suite rocks exhibit 
a distinct paragneiss texture that has been interpreted as migmatitic melts of a sedimentary protolith equivalent to the 
Cambro-Ordovician Miramichi Group. 

Figure 4 – Simplified geological map of New Brunswick and adjacent Maine displaying the exposed 
remnants of the Brunswick subduction complex and other Ordovician–Silurian Ganderian tectonic 
elements (van Staal et al., 2008). 
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At the onset of Ordovician volcanic activity (Dunnage Zone), sedimentary rocks of the Gander Zone were sub-
jected to Ordovician plutonism (gabbro to granite) that is, in part related to volcanism associated with the Teta-
gouche-Exploits back-arc basin and associated arc terranes. Ordovician plutons are found throughout the Miramichi 
highlands and likely represent late melts from the magma chambers that fed these very large volcanic events. In the 
vicinity of Juniper these Ordovician granite plutons have been assigned to either the Little Clearwater or McKiel 
Lake suites. 

In the core of the Miramichi Highlands, Cambro-Ordovician siliciclastic rocks of the Gander Zone (Miramichi 
and Woodstock groups) are overlain by remnants of the Dunnage Zone represented by Middle Ordovician volcanic 
arc and back-arc rocks of the Meductic and Tetagouche groups (van Staal and Fyffe, 1991, 1995a, 1995b; van Staal 
et al., 1992; Fyffe et al., 1997). The upper part of the Tetagouche Group in central New Brunswick comprises a se-
quence of ferromanganiferous cherty siltstone, black chert and shale interbedded with aphanitic to feldspar-phyric 
felsic volcanic rocks and pillowed mafic volcanic rocks of the Hayden Lake Formation. Overall, bimodal volcanic 
rocks of the Tetagouche Group are interpreted, on the basis of their geochemical composition, to have been generat-
ed in an intra-arc rift to extensional back-arc basin transitional setting (van Staal, 1987; van Staal et al., 1991, 2003; 
van Staal and Fyffe, 1995a). Recent lithogeochemistry of aphyric felsic rocks of the Hayden Lake Formation out-
cropping in the Renous River to the north reveal an alkaline (comenditic) composition and are likely contemporane-
ous with the eruption of comenditic rocks of the Boucher Brook Formation (Bathurst Mining Camp) during the later 
stages of rifting in the Tetagouche-Exploits back-arc basin.  Following the waning of volcanic activity, the region 
was covered by a thick sequence of lithic wackes, mudstones, shale, calcareous siltstone and rare conglomerates that 
constitute the Late Ordovician Push and Be Damned Formation. The area was subsequently intruded by several Late 
Silurian- to Late Devonian-aged plutons of the Acadian Plutonic Belt. 

Tectonic History 

Sinistral-oblique convergence of the Popelogan – Victoria Lake Arc during the Middle to Late Ordovician, fol-
lowed by collision with Laurentia ca. 455-450 Ma, marked the end of the Taconic orogenic cycle (van Staal et al., 
2003, 2008). Further convergence between Laurentia and Ganderia was accommodated by northwest-directed 
(present coordinates) subduction of ensimatic to ensialic crustal segments of the Tetagouche – Exploits back-arc ba-
sin beneath the Popelogan Arc from the Late Ordovician (Caradocian) to late Early Silurian (van Staal et al., 2003). 
The resulting accretionary wedge, referred to as the Brunswick Subduction Complex, developed by obduction of 
thrust nappes onto the Ganderian continental margin, and was accompanied by polyphase deformation and lower to 
upper-greenschist metamorphism (van Staal et al., 2003) throughout the Miramichi Highlands. However, in the 
Trousers Lake Metamorphic Suite in the southern Miramichi Highlands (i.e., Juniper – Sisson area), metamorphism 
reaches amphibolite grade (van Staal et al., 2008). Development of the accretionary wedge was characterized by im-
brication into numerous thrust nappes and panels that were subsequently folded into shallow and steep structures 
(van Staal et al., 2003). In central New Brunswick, this has had the effect of juxtaposing a narrow, dismembered 
slice of amphibolite-grade migmatite of the Trousers Lake Metamorphic Suite (see below) with lower-grade (middle
-greenschist) metasedimentary rocks of the Miramichi Group (Fyffe et al., 1988). 

Subduction of Tetagouche – Exploits back-arc crust ended with collision of Ganderia and composite Laurentia 
(Salinic Orogeny) in the late Early Silurian (ca. 430 Ma; van Staal et al., 2003, 2009). Slab break-off and a subse-
quent influx of asthenospheric mantle resulted in uplift in the adjacent Matapedia forearc and Silurian to Devonian 
bimodal volcanism. Devonian sedimentary and volcanic rocks were deposited in both subaerial and submarine set-
tings within an extensional/transtensional tectonic regime (e.g., Dostal et al. 1989). Large scale folding, cleavage 
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development, and brittle faulting in the Early to Middle Devonian accompanied southeast-to-northwest migration of 
the Acadian deformation front during dextral oblique convergence of Avalonia with composite Laurentia. The Aca-
dian Orogeny led to inversion of the Silurian Mascarene Back-arc Basin behind coastal Acadian volcanic arcs, and 
progressive Early Devonian uplift in northern New Brunswick culminating in subaerial volcanism and fluvio-
lacustrine sedimentation. Middle to Late Devonian, post-Acadian tectonics were dominated by large-scale dextral 
transpression throughout much of New Brunswick (van Staal et al., 2008). 

Trousers Lake Metamorphic Suite 

At the western end of the Acadian Plutonic Belt, a dismembered slice of high-grade amphibolite-facies migma-
tites (Trousers Lake Metamorphic Suite) sits in thrust contact with lower-grade (middle-greenschist) meta-
sedimentary rocks of the Miramichi Group (Figs. 2 and 3; Fyffe et al., 1988). Contacts are obscured by sedimentary 
and volcaniclastic rocks (Tobique Group) and by synorogenic granites and gabbros, which tend to intrude along 
these natural breaks. These rocks exhibit a distinct paragneiss texture, which has been interpreted as migmatitic 
melts of a sedimentary protolith coeval with the Cambro-Ordovician Miramichi Group. Migmatites of the Trousers 
Lake Metamorphic Suite are remarkably consistent in appearance featuring a leucosome melt composed of quartz 
and feldspar and a melanocratic residuum that is rich in biotite. The migmatites can frequently include preserved 
paleosome that resembles metamorphosed quartzite and siltstone of the Miramichi Group. Amphibolite units occur 
frequently within the migmatites, likely representing Ordovician mafic intrusive rocks, which reflect the higher met-
amorphic grades (Fyffe et al., 1988). Ordovician granites of the McKiel Lake Suite exhibit an intimate relationship 
with the migmatites and are found throughout the Trousers Lake Metamorphic Suite. Ordovician granite bodies of 
both the Little Clearwater and McKiel Lake granites exhibit distinct orthogneiss textures, having been subjected to 
tectonism of the Salinic Orogeny. To date, Ordovician plutons throughout the Juniper region have been largely as-
signed to the McKiel Lake and Clearwater Suites (Fig. 2). Compositionally, several distinct plutonic suites are found 
in the region, indicating this nomenclature is simplistic and in need of revision. 

Acadian Plutonic Belt 

Devonian magmatism has resulted in prolific granite and gabbroic intrusions throughout the Miramichi High-
lands (Fyffe et al., 1981; Bevier and Whalen, 1990; Whalen, 1993; Whalen et al., 1996). Recent radiometric dating 
has partially resolved the timing of granitoid emplacement in the Acadian Plutonic Belt, revealing two broad epi-
sodes of plutonism. An Early Devonian (ca. 420-410 Ma) episode is concurrent with the main phase of the Acadian 
orogeny, resulting in elongate intrusive bodies aligned with Acadian structural grain, and stitching boundaries be-
tween various structural breaks within the Miramichi Highlands. Internally, syn-orogenic granites exhibit varying 
degrees of tectonic fabric development, with the most intense of these fabrics best developed along the edges of plu-
tons. A second Late Devonian (ca. 380 Ma) episode resulted in the emplacement of post-orogenic plutons at higher 
crustal levels in the Miramichi Highlands and is coeval with Neoacadian orogenesis. The timing of these events re-
flects the progressive accretion of peri-Gondwanan micro-continental terranes onto composite Laurentia. Ganderia, 
of which the Miramichi Highlands are a part, was the first block accreted to Laurentia at ca. 455 Ma following the 
closure of the lapetus Ocean. The ca. 420 Ma oblique (dextral) accretion of Avalonia to the eastern margin of Gan-
deria induced the Acadian Orogeny (effects of which are most intense in southern New Brunswick). This was subse-
quently followed by the emplacement of Meguma and the associated Neoacadian Orogeny. Although the Acadian 
Plutonic Belt rocks are within- plate, "anorogenic" granites, and far removed from the active arc-back-arc magma-
tism the coincidental timing of events indicates a relationship. The most likely being that the non-orthogonal accre-
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tion resulted in large-scale dextral transpression throughout the Miramichi Highlands (van Staal et al., 2008), which 
in turn triggered the granitoid magmatism. 

The main plutons in the Sisson Brook area include the Howard Peak Granodiorite and the Nashwaak Granite. 
The Howard Peak Granodiorite consists of hornblende-biotite granite grading into gabbro that is intensely sheared 
and cataclastic in nature along its eastern margin. It exhibits a penetrative fabric as well as abundant elongated, 
schistose xenoliths derived from the adjacent folded country rocks (Lutes, 1981; Venugopal, 1982). Both the gran-
odiorite and gabbro are intruded by the Nashwaak Granite, the largest pluton in the region. It also intrudes both the 
Trousers Lake Metamorphic Suite and meta-sedimentary rocks of the Miramichi Group, obscuring much of the 
structural boundary between these two distinct terranes.  

Becaguimec Lake gabbro 

The Becaguimec Lake gabbro (Fig. 3) is a medium to coarse-grained ophitic gabbro troctolite that is accompa-
nied by numerous stocks and dykes of hornblende-biotite felsic porphyry and is most prevalent along the southwest 
margin of the Acadian Plutonic Belt. The gabbro cuts migmatites of the Trousers Lake Metamorphic Suite and De-
vonian cover rocks of the Wapske Formation (Tobique Group), but is intruded by the Devonian Juniper Barrens 
Granite making this gabbro one of the earliest of the Devonian intrusive phases in the region. 

Howard Peak Intrusive 

The Early Devonian Howard Peak granodiorite (Fig. 3) is a medium-grained, hornblende – biotite granodiorite 
that grades into a dark grey, medium-grained ophitic gabbro. The eastern margin of the pluton is intensely sheared 
and cataclastic in nature, and exhibits a penetrative fabric as well as abundant elongated, schistose xenoliths derived 
from the adjacent folded country rocks (Lutes, 1981; Venugopal, 1982). Both the granodiorite and gabbro are cut by 
granitic dykes related to the intruding Nashwaak Pluton. 

Juniper Barrens Pluton 

The Juniper Barrens Pluton (Fig. 3) consists of a medium to coarse-grained equigranular biotite granite and bio-
tite-muscovite, which exhibits a mild tectonic fabric consistent with its emplacement during the Acadian Orogeny. 
The Juniper Barrens granite has been dated at 415.8 ± 0.3 Ma (U-Pb Zircon; TIMS) and has been reassigned to in-
clude adjoining phases of the Beadle Mountain granite, which is similar in composition and texture, and yielded an 
age of 416.1 ± 0.5 Ma (U-Pb Zircon; TIMS). Both the Juniper Barrens granite and formerly Beadle Mountain granite 
intrude cover rocks of the Wapske Formation in the west as indicated by contact hornfels alteration of sedimentary 
rocks and excessive potassic alteration in the region. The Juniper Barrens granite is not known to host Sn-W-Mo 
mineralisation, with only rare garnetiferous aplite, small pods of tourmaline-muscovite pegmatite, and veins of mas-
sive tourmaline identified along its margins. 

On the southern fringes of the Juniper Barrens granite, several occurrences of granodiorite exhibiting mild fab-
rics had been mapped as a distinct pluton (Bogans Brook), and interpreted as Silurian in age (based on K-Ar dating 
of muscovite). Recent work indicates that this intrusive likely represents partially digested pendants of Trousers 
Lake migmatite and (or) meta-sediments on the peripheries of the Juniper Barrens granite. 
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Nashwaak Pluton 

One of the largest plutons in the region, the Nashwaak Pluton intrudes both the Trousers Lake Metamorphic 
Suite and meta-sedimentary rocks of the Miramichi Group, obscuring much of the structural boundary between these 
two distinct terranes (Fig. 3). The Nashwaak Pluton consists of medium-grained, sub-porphyritic biotite granite, 
which grades into a two mica, muscovite-biotite granite in the north. The Nashwaak granite exhibits a mild tectonic 
fabric consistent with its syn-tectonic emplacement in the Early Devonian. The Nashwaak Pluton differs from many 
of the Early Devonian Plutons, as it is host to a large the world-class W-Mo deposit. The Sisson Brook deposit (Figs. 
2 and 5) consists of exo-contact W-Mo-Cu mineralisation along the eastern intrusive contact with the Howard Peak 
diorite/gabbro and metasedimentary and volcanic rocks of the Miramichi and Meductic Groups, respectively. Else-
where in the Acadian Plutonic Belt, the Nashwaak granite is host minor occurrences of garnet, beryl and tourmaline-
bearing pegmatite. 

Lost Lake Pluton 

The Lost Lake Pluton (Fig. 3) is a distinctly polyphase intrusion occurring in the north of the region and has 
been dated at 409.7 ± 0.5 Ma (U-Pb Zircon; TIMS). The granitic phase consists of a medium to coarse-grained, 
mildly foliated, equigranular, muscovite and biotite-bearing granite. The subordinate intermediate granodiorite phase 
of the Lost Lake Pluton is typically fine-grained and biotite-dominant. The Lost Lake granite generates abundant 
coarse-grained pegmatites, more than any other pluton in the region, with several notable veins containing vitreous 
green beryl and tourmaline (Fig. 5). 

Burnthill Pluton 

The Burnthill Pluton (Fig. 3) is well exposed in the Miramichi Highlands and as a result has been well docu-
mented. MacLellan et al. (1990) mapped the polyphase Burnthill Pluton in the greatest detail, characterizing several 
prominent phases. Medium to coarse-grained seriate biotite granite comprises the main phase of the Burnthill granite 
and is distributed throughout the pluton. Late stage porphyritic microgranite is found to occur sporadically through-
out the pluton, but is best developed on the pluton peripheries. Rare fine-grained melanocratic biotite granite pods 
occur in several isolated areas and are hosted entirely by the coarse-grained main phase. The Burnthill Pluton has 
been dated at 380.6 ± 0.3 Ma (U-Pb Zircon; TIMS), approximately 35 m.y. younger than the Juniper Barrens Pluton 
and consistent with post-orogenic emplacement or near the end of the Acadian Orogeny. 

The Burnthill Pluton is surrounded by numerous occurrences of exogranitic contact mineralisation including the 
McLean Brook and the Two and a Half Mile Brook Sn-W prospects, as well as the past-producing Burnthill Tung-
sten (W-Mo) Mine (Figs. 2 and 5). The small (2 km diameter) isolated Buttermilk Brook Granite consists of coarse-
grained porphyritic granite, which likely represents a small cupola of the main Burnthill Pluton to the northwest. The 
Buttermilk phase is host to endogranitic Sn-W-Mo greisen mineralisation of the Tin Hill deposit; drilling has inter-
sected a similar cupola beneath the Burnthill Mine. 

Dungarvon Pluton 

To the west lies the highly irregularly shaped Dungarvon pluton (Fig. 3), its distribution controlled largely by 
late reactivated faults proceeding emplacement. The Late Devonian Dungarvon Pluton is petrogenetically similar to 
the Burnthill Pluton, comprising medium to coarse-grained seriate biotite granite with late-stage porphyritic mi-
crogranite pods occurring sporadically throughout the pluton. Nearby, the small (3 km diameter) Sisters Brook gran-
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Figure 5 – Various styles of mineralisation found in the Acadian Plutonic Belt, central New Brunswick. A) Exo-
contact alteration and mineralisation from the Two And A Half Mile Brook Occurrence; B) Bladed wolframite 
from the Sisson Brook deposit; C) Veinlets of molybdenite in quartz vein from the Sisson Brook deposit; D) 
Cassiterite grains from endogranitic greisen of the Tin Hill deposit; E) Coarse-grained pegmatite originating 
from the Lost Lake Pluton; F) Tourmaline crystals from pegmatite typical of the Lost Lake Pluton. 
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ite is exposed along Sisters Brook, and likely represents an exposed cupola of the larger irregularly shaped Dungar-
von pluton. The Dungarvon Pluton is host to numerous occurrences of endogranitic and contact mineralisation with 
notable anomalous base metals, Sn-W-Mo, REE and Au. These include the Fall Brook, Peaked Mountain, Dungar-
von, Cleveland, Four Mile Brook, Sisters Brook, Todd Mountain, Trout Lake and Anomaly 100. 

Metallogeny 

Devonian granite plutons in the Acadian Plutonic Belt are metaluminous to moderately peraluminous and ex-
hibit I-type characteristics with some A-type affinities. The geochemical and isotopic characteristics of Devonian 
and Ordovician plutons in the Acadian Plutonic Belt are remarkably close. These granites all exhibit within-plate 
signatures that are transitional to volcanic arcs, likely due to partial melting of Proterozoic continental basement 
(Whalen, 1993). 

Polymetallic mineral deposits within intra-plate continental settings are typically associated with late-stage, 
highly evolved granitic magmas enriched in lithophile elements such as silica, rubidium, lithium, beryllium, boron, 
and fluorine. The occurrence of these granite-related polymetallic mineral deposits in post-tectonic, intra- plate set-
tings can be attributed to the existence of a continental crust thickened by previous orogenesis. Extension of this 
thickened crust can lead to underplating by mafic magma and to the production of large volumes of granitic melt in 
upper crustal magma chambers. Volatiles, including fluorine, emanating from the underplated mafic magmas can 
infiltrate the granitic melts and become further enriched in small volumes of melt through the fractionation process 
(Carten et al., 1993). 

The presence of a fluxing agent such as fluorine in a silicate melt is of particular importance in the formation of 
polymetallic mineral deposits in that it lowers the crystallisation temperature and allows the melt more time to 
evolve and rise higher into the crust. During this process, metals such as tungsten, molybdenum, and tin become 
concentrated in the late-stage melts and hydrothermal fluids. Release of fluid pressure and quenching of silica-rich 
melts results in the evolution of metalliferous fluids (Strong, 1981). These fluids can proceed along pre-existing 
structures within the granite pluton and form endogranitic quartz vein hosted deposits with an enveloping greisen 
alteration of the granite host. Furthermore, the elements such as fluorine that helped in the original metallic enrich-
ment of the magma, can form complexes to facilitate the transport and concentration of metals (Tweedale et al., 
2014, 2015). Metalliferous fluids commonly breach the pluton and infiltrate the surrounding country rocks, resulting 
in disseminations, breccia fillings, stockwork veinlets, and massive quartz-vein systems near the contact of a granite 
pluton. Mineralisation may also take advantage of pre-existing structures in the country rock, especially where there 
are lineaments and/or faults (preferable with minor syn-magmatic extensional motions) intersecting at high angles 
(Rogers et al., 2014, 2015) leading to, typically, quartz vein-hosted deposits at considerable distances from the 
source intrusion. 

The most common style of mineralisation associated with Devonian granite intrusions (Fig. 5) of the Acadian 
Plutonic Belt comprises small exo-contact greisen alteration zones within meta-sedimentary rocks. Mineralisation 
consists of intense silicification and associated potassic alteration (sericite) that is accompanied by disseminated py-
rite- arsenopyrite with anomalous values (ppm) of Sn-W-Mo. In other instances Sn-W-Mo mineralisation can take 
the form of coarse-grained quartz-vein hosted cassiterite, wolframite, scheelite and molybdenite as both endogranitic 
and exo-contact deposits. Quartz-feldspar-muscovite-biotite pegmatites are also seen to cut through both granites 
and migmatites in the Acadian Plutonic Belt. These veins are coarse grained and may also contain garnet, scheelite, 
rare tourmaline, and a vitreous green beryl. 
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Glacial history 

Presumably west-central New Brunswick was glaciated many times during the Pleistocene (Fig. 6). Previously 
all known glacial deposits in New Brunswick were interpreted to have been deposited during the Wisconsinan Stage 
(e.g., Lamothe, 1992; Seaman, 2004; Fyffe et al., 2009) (approximately 75 ka to 11.5 cal ka BP). [Note: all dates 
cited in this section are expressed as 'ka BP', i.e., thousands of years before present, with those lying within the range 
of radiocarbon dating (<50 ka) calibrated to be approximately equivalent to calendar years, i.e., cal ka BP.] Howev-
er, a new date obtained for the organic-bearing fluviatile sediments at the Half Moon Pit section of Lamothe (1992) 
indicates that these sediments, originally interpreted to have been deposited during a Middle Wisconsinan interstadi-
al, were instead deposited prior to the Wisconsinan glaciation. Hence, they were interpreted to be of Sangamonian 
lnterglaciation age (approximately 128 to 75 ka BP). Consequently, the stratigraphically underlying Lower Till of 
Lamothe (1992) is of pre-Wisconsinan rather than Early Wisconsinan age, while the immediately overlying Upper 
Till is of Early Wisconsinan age rather than Late Wisconsinan age (Seaman, 2009). This reinterpretation brings the 
Quaternary stratigraphy of New Brunswick into accord with that of Nova Scotia, where ice cover was continuous 
throughout the Wisconsinan (Stea et al., 1998, 2011). 

The glacial history of the Maritime Provinces is now described in terms of seven glacial phases (Seaman et al., 
2011; Stea et al., 2011; Seaman, 2013) (Figs. 6 and  7). Pre- Wisconsinan glacial deposits, including the lower till at 
Sisson (Seaman and McCoy, 2008) and elsewhere (e.g., Lamothe, 1992), the Carlisle dispersal train (Seaman, 2004, 
2009), and locally preserved sub-till glaciofluvial deposits (Seaman, 2013) are assigned to the Northumberland 
Phase, and interpreted to have been deposited during the lllinoian Stage, approximately 200 to 130 ka BP (Seaman, 

Figure 6 – Space/time stratigraphical summary of central and southern New Brunswick (from Seaman, 2013). 
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Figure 7 – Orientation of regional and local ice-flow phases in south-central New Brunswick. Note the main 
bismuth (Bi) in till dispersal train, down-ice from the Sisson W-Mo deposit, paralleling the Caledonia Phase. 
Till geochemical concentrations are from the <0.063 mm fraction of basal till. 
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2009, 2013). These deposits were produced by east to east-southeast flow from the White Mountains-Megantic Hills 
Ice Divide of the Appalachian Glacier Complex (AGC). The apparently old glacial striae of similar trend that were 
reported by Rampton et al. (1984) from west-central New Brunswick are also attributed to the Northumberland 
Phase, as are muted, large-scale glacially streamlined landforms (Seaman, 2009). Non-glacial fluvial sediments, as 
described by Rampton et al. (1984) and Lamothe (1992), and preserved between the Northumberland till (informal 
name) and the overlying Wisconsinan till, are assigned to the Sangamonian Interglacial Stage. 

The Early to Middle Wisconsinan Caledonia Phase began, approximately 75 ka BP, with incursion of the south-
east-flowing Laurentide Ice Sheet (LIS) into the Saint John River valley area, accompanied by parallel flow of the 
Notre Dame glacier of the AGC (Seaman, 2009). The latter glacier had its source in the Notre Dame Ice Divide, lo-
cated over the Notre Dame Mountains of the Gaspe Peninsula (Rampton et al., 1984). The difference in power be-
tween these two glaciers is evident in the contrast between the glacially sculpted bedrock topography of southwest-
ern New Brunswick (Seaman, 2004) compared to the evidence for minimal subglacial erosion in east-central New 
Brunswick during the Wisconsinan (Seaman, 2013). Dispersal trains in basal till throughout central and southern 
New Brunswick indicate that most of the surface till was deposited by southeast to south-southeast glacier flow 
(Seaman, 2009, 2013). Consequently, it is interpreted to be Caledonia till (informal name). 

The Caledonia Phase glaciers extended to the edge of the continental shelf (Stea et al., 1998, 2011). Contradic-
tory cross cutting relationships between southeast and south- southeast-trending glacial striae indicate that the ice 
flow fluctuated between these limits several times during the course of the Caledonia Phase (Seaman, 2009). The 
Caledonia Phase terminated approximately 40 ka BP, during the Middle Wisconsinan (64 ka to 25 cal ka BP). In 
Nova Scotia it was followed by a period of inactive ice cover (Stea et al., 2011). However, in New Brunswick the 
AGC remained active, with the Caledonia Phase transitioning into the Escuminac Phase during the Middle Wiscon-
sinan (Seaman et al., 2011). The LIS withdrew to the north of the St. Lawrence River valley, never to return to New 
Brunswick, and the AGC adapted to its departure by a stepwise shift in ice flow from the south-southeast of the Cal-
edonia Phase to the south-southwest of the Escuminac Phase. This shift in ice-flow trend was influenced by three 
factors: 

 the flow of the Notre Dame glacier into the area vacated by the withdrawal of the LIS; 

 the gradual shift in the dominant AGC ice flow centre from the Notre Dame Ice Divide to the Escuminac Ice 
Centre, located to the north of Prince Edward Island in the area of the current Gulf of St. Lawrence (Rampton et 
al., 1984); and 

 the development of a calving bay in the Gulf of Maine and adjacent Bay of Fundy (Stea et al., 1998), causing 
drawdown of the Escuminac glacier toward the southwest (Seaman et al., 2011). 

With the onset of the Late Wisconsinan cooling, approximately 25 cal ka BP, the Escuminac glacier advanced 
across the Bay of Fundy and Nova Scotia and terminated at the edge of the continental shelf by the late-glacial maxi-
mum, approximately 20 cal ka BP. 

Subsequent glacial phases were related to the gradual retreat and dissipation of the AGC during the Late Wis-
consinan, during which ice-flow directions changed dramatically in response to the reorganization of flow patterns 
(Seaman, 2009; Stea et al., 2011; Seaman et al., 2011). These phases were: 

 the Scotian Phase (20-17 cal ka BP), with the AGC margin at the Scotian Moraine, offshore of Nova Scotia ; 

 the Chignecto Phase (15.9-14.7 cal ka BP), with the ice margin established along the shores of the Bay of Fun-
dy; 
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 the Shulie Lake Phase (approximately 14 cal ka BP), a short-lived readvance of the AGC, primarily at the upper 
end of the Bay of Fundy, correlative with the Older Dryas Stadial; and 

 the Collins Pond Phase (12.8-11.5 cal ka BP), correlative with the Younger Dryas Stadia!, involving the read-
vance of remnant ice masses that had survived the initial deglaciation, or, less likely, the initiation of new ice 
centres. 

In west-central New Brunswick the Escuminac and subsequent glaciers generally exhibited limited power. Lo-
cally they reworked the previously deposited Caledonia till into a hybrid till (e.g., Allard and Pronk, 2003), reorient-
ing its fabric and generating a confusing plethora of glacial striae where their influence extended to the bedrock sur-
face (Seaman, 2009). Glacier flow was initially eastward during the Scotian Phase, and then transitioned to north-
eastward in response to the development of a high velocity ice stream in the Curventon – Bathurst valley. During the 
Chignecto and Shulie Lake phases, glacier flow was toward the northwest to northeast. The Shulie Lake Phase was 
followed by significant deglaciation, with the local deposition of large volumes of ablation till and glaciofluvial sedi-
ment. However, remnant ice masses probably persisted over the highlands and the western part of the New Bruns-
wick Lowlands. With the onset of the Younger Dryas cooling, these ice masses rapidly readvanced, or were regener-
ated. Of these Collins Pond Phase glaciers, the Gaspereau Ice Centre (Seaman, 2006) in central New Brunswick ad-
vanced toward the west to northwest, depositing the late-glacial till at Todd Mountain (Lamothe, 1992) and the up-
permost of the three tills at Sisson (Seaman and McCoy, 2008). The disintegration of the Gaspereau glacier resulted 
in the deposition of the extensive ablation till deposits (hummocky disintegration moraine) noted in the Sisson 
Brook area by Snow and Coker (1987). Deglaciation was probably complete by the beginning of the Holocene (11.5 
cal ka BP). 

Sisson W-Mo Deposit 
The Sisson tungsten-molybdenum deposit, discovered in 1979 by Texasgulf Inc., is located in the Coldstream 

map area (NTS 21 J/06) of west-central New Brunswick, approximately 60 km northwest of Fredericton (Fig. 2). 
Like many polymetallic deposits, the mineralisation at Sisson is closely associated with felsic igneous rocks. The 
deposit at Sisson is divided into three mineralised zones – Zone I and Zone II, which contain mainly wolframite and 
chalcopyrite; and Zone III, in which scheelite and molybdenite are predominant (Fig. 8). 

Exploration history 

Texasgulf Inc. staked claims in the Sisson Brook area in 1978 to cover ground where Penarroya Canada Ltd had 
intersected tungsten-copper mineralisation in three holes drilled in 1969 (Rabinovich, 1969; Moore, 1979). Regional 
geochemical surveys conducted by the New Brunswick Department of Natural Resources in 1972 also indicated that 
stream silts in the area contained anomalous molybdenum values (Austria and Chork, 1976). 

Diamond drilling (11 holes) conducted by Texasgulf in 1979 to test geophysical anomalies in the central por-
tion of its claim group resulted in the discovery of the Zone I and Zone II tungsten-copper mineralisation at Sisson 
(Mann, 1981a). The following year, another 12 holes were drilled to delineate the extent of the two known zones 
(Mann, 1980). Kidd Creek Mines Ltd. drilled an additional nine holes south of the known zones in 1981, which led 
to the discovery of tungsten-molybdenum mineralisation in Zone III. One of these 1981 holes (SSN-26) intersected 
dykes of massive granite porphyry (Mann, 1981b). Another eight holes were drilled in the following year to test 
Zone III along strike and at depth (Mann, 1982). 
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Figure 8 – Geology map of the Sisson Brook area showing the location of mineralised zones at the Sisson 
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Champlain Resources Inc. staked ground in the Sisson Brook area in 1997. Government regional till geochemi-
cal sampling (2 km grid) was carried out in the area encompassing Sisson Brook in 2001 (Seaman, 2002), with fol-
low-up sampling the following year to confirm the anomalies and the limits of the identified glacial dispersal train 
(Seaman, 2003). Geodex Minerals Ltd. optioned the Sisson Brook claim group from Champlain Resources in 2004. 
In the following year, Geodex carried out geological mapping, prospecting, soil sampling, geophysical surveys, and 
drilling (nine holes) on the property. Geodex subsequently conducted a fence-drilling program on Zone III to calcu-
late National Instrument 43-101, Standards of Disclosure for Mineral Projects resources for the deposit (Martin, 
2006; Ozturk, 2007; Geodex Minerals Ltd., 2008). This drill program comprised 30 holes totalling 7,784 m in 2006, 
and 83 holes totalling 20,178 m in 2007, which included two metallurgical holes. In 2008 Geodex conducted 11,800 
m of both infill and exploration drilling on adjacent targets as well as geotechnical, environmental, and community 
studies. A positive Preliminary Economic Assessment report was completed by Geodex in 2009. In the fall of 2010, 
Northcliff Resources acquired an interest in the property and now holds controlling interest. They have completed a 
positive feasibility study of the deposit and have submitted an Environmental Impact Assessment report to the Pro-
vincial and Federal regulators for regulatory and public review. They are currently awaiting feedback on whether 
they can proceed to the mine development stage where they would extract the ore by open pit mining methods, con-
struct a mill to process the ore, and build an ammonium-paratungstate plant-the first of its kind in Canada. The mine 
is expected to operate for 27 years. 

This portion of the fieldtrip will visit road and trench exposures to examine the glacial deposits that overlie the 
deposit, the geological setting and style of mineralisation at Sisson, and discuss a possible genetic model based on 
the unique structural characteristics of the Sisson deposit. 

Geological setting 

The Sisson deposit is situated along the eastern margin of the Late Silurian to Late Devonian Acadian Plutonic 
Belt that occurs within the Miramichi Highlands of central New Brunswick (Fig. 2). The plutonic rocks were em-
placed into a variety of country rocks, including sedimentary rocks of the Cambrian to Early Ordovician Miramichi 
Group; Ordovician volcanic and sedimentary rocks correlated with the Tetagouche Group; and deformed Ordovician 
plutonic rocks (Fyffe, 1982a, b; van Staal and Fyffe, 1991). The two main Acadian Plutonic Belt intrusions in the 
immediate vicinity of the Sisson deposit (Figs. 3 and 8) are the Howard Peak Granodiorite and Nashwaak Granite 
(Fyffe et al., 1981), although younger granitic dykes suggest a more protracted intrusive history. 

The country rocks immediately adjacent to the Howard Peak and Nashwaak plutons are an intercalated se-
quence of fine- to medium-grained, medium- to thick-bedded, light grey crystal tuft; layers of 1 m thick, dark green, 
banded amphibolitic mafic tufts; and light grey to greyish purple, medium-bedded, biotite-rich psammite (Lutes, 
1981). The age of this westernmost volcanic-bearing sequence in the Sisson Brook area is not known with certainty 
(Fyffe et al., 1988), but it has been correlated with the Turnbull Mountain Formation of the Tetagouche Group. Me-
dium- to thick-bedded, light grey, fine- grained quartzite and greyish green shale lying immediately east of the vol-
canic- bearing sequence are assigned to the Miramichi Group (Fig. 8). The quartzose sequence of the Miramichi 
Group is conformably overlain to the east by a lower section of pyritiferous black shale intercalated with minor flow
-banded and brecciated felsic volcanic rocks, and fragmental mafic volcanic rocks correlated with the Hayden Lake 
Formation; and an upper section of thin- to medium-bedded feldspathic to lithic wacke, and dark grey shale correlat-
ed with the Push and Be Damned Formation (Potter, 1969; Lutes, 1981). Lutes (1981) considered the quartzose sedi-
mentary rocks of the Miramichi Group in the Sisson Brook area to lie in the core of an anticline, flanked to the east 
and west by conformably overlying volcanic-bearing sequences. However, to the east, volcanic rocks of the Hayden 
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Lake Formation are interbedded with black shale, whereas to the west, they contain interbeds that are predominantly 
psammitic. Fyffe et al. (1988) agreed that both volcanic sequences may be correlatives of the Middle Ordovician 
Tetagouche Group but, on the basis of abundant quartz-flooding observed near the unexposed contact, interpreted 
the western sequence to be faulted against the Miramichi Group. The presence of such a fault on the western limb of 
the proposed anticline is consistent with the intensely sheared nature of rocks hosting the Sisson mineralisation. 

Mann (1980, 1981b) reports - based on observations of graded bedding and flame structures in drill core -that 
the western volcanic-bearing sequence youngs to the east. The western sequence is herein tentatively correlated with 
the tuffaceous felsic and mafic rocks of the Turnbull Mountain Formation, which conformably underlies the Hayden 
Lake Formation northeast of Sisson Brook in the Napadogan area (Poole and Neuman, 2003). It is possible that a 
considerable amount of stratigraphic section is missing across the fault separating the Turnbull Mountain and Hay-
den Lake formations. 

The Howard Peak Granodiorite is a medium-grained, foliated, hornblende-biotite granodiorite that grades east-
ward into, and becomes intermixed with, dark grey, medium-grained ophitic gabbro (Fig. 8). Both the granodiorite 
and gabbro are transected by dykes of massive to foliated, light greyish pink, equigranular granite (Fig. 9). The east-
ern margin of the pluton is intensely sheared and cataclastized, and it contains an abundance of elongated, schistose 
xenoliths derived from the adjacent folded country rocks (Lutes, 1981; Venugopal, 1982). Recent dating of the How-
ard Peak Granodiorite by Bustard (2013) yielded a U-Pb (titanite) age of 432 ± 2 Ma. 

Figure 9 – Boudinaged granitic dyke and dykelets cross-cutting foliated gabbro of the 
Howard Peak Granodiorite along the western margin of the Sisson W-Mo deposit. 
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The Nashwaak Granite is a massive, light greyish pink, medium-grained, equigranular to subporphyritic biotite 
granite that varies to muscovite-biotite granite in the north. This granite has yielded a Rb-Sr muscovite age of 422 ± 
4 Ma and a K-Ar muscovite age of 386 ± 5 Ma (Whalen and Theriault, 1990). The granitic dykes cutting the Howard 
Peak Granodiorite are probably offshoots of the Nashwaak Granite (Fig. 9). The Nashwaak Granite exhibits a mild 
tectonic fabric consistent with its syn-tectonic emplacement in the Early Devonian. 

Massive, fine-grained, granite porphyry dykes were intersected in drillhole SSN-26 near the southern end of 
Zone III of the Sisson deposit (Fig. 8). The massive dykes (Fig. 10) were intruded post-tectonically into foliated gab-
bro of the Howard Peak Granodiorite and have been interpreted as offshoots of an assumed deeply buried stock that 
generated the mineralising hydrothermal fluids at Sisson (Mann, 1981b; Nast, 1985; Nast and Williams-Jones, 
1991). A sample of porphyry from drillhole SSN-26 yielded a U-Pb age of 364.5 ± 1.3 Ma (Fyffe et. al., 2008) and 
was therefore emplaced during the Famennian Stage of the Late Devonian. 

Structural geology 

The stratigraphic sequences in the Sisson Brook area are folded into a series of north- northeast-trending anti-
clines and synclines, plunging 30° to the south (Lutes, 1981; Fyffe, 1982a, b). A steep, northwest-dipping axial pla-
nar, crenulation cleavage (S2) developed during this event. There has been no recognition of folding associated with 
an earlier slaty cleavage (S1), defined by fine-grained muscovite and chlorite oriented subparallel to bedding (Lutes, 
1981). A late northwest-trending, steeply dipping fracture cleavage (S3) is associated with steeply plunging kink 
bands. Porphyroblasts of cordierite, andalusite, and garnet in the thermal aureole of the Nashwaak Granite overprint 
S1 and S2 but are overprinted by S3 (Lutes, 1981; Nast, 1985). 

Figure 10 – Massive, fine-grained granite porphyry dyke containing quartz and feldspar 
phenocrysts. Core from drillhole SSN-26 (see Fig. 8). 
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Figure 11 – Granitic dykes cross-cutting gabbroic rocks of the Howard Peak 
Granodiorite (Stop 1-07; scale in cm). 

Figure 12 – Granodiorite cross-cut by a diabase dyke that is offset along a set of 
prominent west-northwest-trending microfaults (Sisson Zone I trench; scale in cm). 
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The gabbroic rocks of the Howard Peak Granodiorite along the western margin of the Sisson deposit (Fig. 8) 
possess a foliation defined by prominent melanocratic and leucocratic bands or by weakly aligned plagioclase and 
amphibole crystals (Lutes, 1981; Nast, 1985). As the foliation trends subparallel to the S2 fabric of the country rocks 
along the eastern boundary of the pluton, the Howard Peak has been interpreted as synchronous with S2 (Fyffe and 
Thorne, 2010). Granitic dykes transecting and partially assimilating the gabbroic rocks vary from weakly foliated to 
massive (Fig. 11). Differing orientations of the foliation in some of the engulfed gabbroic xenoliths indicate that they 
were rotated during their incorporation into the granite. The granitic dykes likely are offshoots of the Nashwaak plu-
ton, which must therefore have been emplaced during the waning stage and after the cessation of D2 deformation. A 
prominent set of joints oriented at 120° transects the foliation in the plutonic rocks (Fig. 12). These tensional joints 
have developed parallel to the maximum stress direction in the region (Lajtai and Stringer, 1981). 

A number of major, north- to north-northeast-trending faults that displace D2 fold structures have been mapped 
in central New Brunswick (Fyffe, 1982a, b). One such fault has been interpreted to truncate the stratigraphic section 
on the western limb of the anticline in the Sisson Brook area (Fyffe et al., 2008). The north-northeast lineament con-
trolling the course of Sisson Brook may mark the main trace of this fault (Fig. 8). In addition to the evidence of a 
missing section in the stratigraphy, an increase in intensity of the structural fabrics from west to east across the area 
supports the existence of a high-strain zone located in the immediate vicinity of the Sisson deposit. 

Although bedrock exposure is sparse in the area, it appears that the weak foliation observed in the plutonic 
rocks to the west of the deposit develops into a strong cataclastic fabric further to the east. In Zone III of the Sisson 
deposit (Fig. 8) gabbroic rocks, possessing a penetrative foliation and a granulated fine-grained matrix containing 
small porphyroblasts of plagioclase, are cut by granitic dykes exhibiting a prominent cataclastic foliation along 
which augen of feldspar are aligned (Fig. 13). The development of this localized high-strain zone apparently provid-
ed permeable pathways for the introduction of hydrothermal fluids that were the mechanism for mineralisation at 
Sisson. Any major movement along this north-northeast-trending shear in Zone III must have taken place prior to the 
injection of a set of the cross cutting, west-northwest-trending, molybdenite-bearing quartz veins. However, there is 
evidence of some late, minor sinistral displacement of these veins (Fig. 14). Late sinistral displacement occurs in 
Zone I at the northern end of the Sisson deposit. Schistosity-shear fabrics indicate that an interbedded sequence of 
siltstone and tuff of the Turnbull Mountain Formation has been juxtaposed against granodioritic rocks of the Howard 
Peak Granodiorite along a north- northwest-trending sinistral shear zone. The shear abruptly truncates a west-
northwest- trending joint set prominently displayed in the granodiorite, indicating that a considerably greater amount 
of late sinistral movement has occurred in Zone I compared to Zone III. Some limited movement along the joint set 
is shown by small dextral displacement of the margins of two trap dykes cutting the granodiorite (Fig. 12). The mi-
nor dextral and dominant sinistral movement were likely caused by the same stress field given that the previously 
developed joint set was oriented near to the conjugate shear direction of the principal stress axis. The north-
northwest-trending shear zone exposed in the trench at Zone I is interpreted to be a horsetail splay off of the main 
north-northeast-trending high- strain shear zone that occurs along the eastern margin of the Howard Peak Granodio-
rite in Zone III. 

Deposit geology 

The mineralisation at Sisson occurs in a series of structurally controlled quartz veins in highly silicified shear 
zones along the eastern margin of the Howard Peak Granodiorite (Fig. 8). Zones I and II at the north end of the de-
posit strike north-northwest and dip steeply to the west, parallel to the trend of a late sinistral shear. Zone I is hosted 
by a thin-bedded sequence of dark grey siltstone and tuff. The bedding trends to the north- northeast and dips steeply 
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Figure 13 – Gabbro containing plagioclase porphyroclasts in the trenched exposure at Sisson Zone III. Note the 
deformed granitic dykes and the cross-cutting northwest-trending quartz vein (coin is 2.7 cm in diameter). 

Figure 14 – Sinistral offset of an east-trending quartz-feldspar vein along a north-trending fault along the 
southern margin of the trench at Sisson Zone III (looking north; coin is 2.7 cm in diameter). 
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to the east. The mineralisation in Zone I has been traced along strike for about 950 m and varies in thickness from 2 
m to 36 m. Zone II is hosted in gabbroic rocks about 100 m west of Zone I and has been traced along strike for 400 
m. Quartz veins associated with the mineralisation in Zones I and II range in width from about 0.5 cm to 3 cm. 

Zone III strikes north-northeast and dips steeply to the northwest (Mann, 1980, 1981a, b, 1982), parallel to the 
trend of a major shear zone. The mineralisation is hosted by sheared and silicified gabbroic rocks of the Howard 
Peak Granodiorite and associated cataclastically deformed granitic dykes that likely represent offshoots of the 
Nashwaak Granite. Zone III has been traced along strike for 1100 m with a maximum thickness of about 400 m 
(Geodex Minerals Ltd., 2008). 

Mineralisation 

Ore minerals at Sisson consist mainly of wolframite and chalcopyrite in Zones I and II, and scheelite and mo-
lybdenite in Zone III. According to Nast and Williams-Jones (1991), a low fluid-rock ratio governed the style of 
mineralisation at Sisson. Thus, precipitation of scheelite was controlled by the composition of the calcium-rich, gab-
broic wall rocks of Zone III; whereas, precipitation of wolframite was governed by the calcium-poor, sedimentary 
wall rocks of Zone I. 

Scheelite in Zone III tends to be concentrated in quartz veins (Fig. 15A) that parallel the north-northeast-
trending shear fabric; conversely, molybdenite (Fig. 15B) is concentrated in cross cutting quartz veins oriented be-
tween 120° to 140°. This latter trend is approximately parallel to the prominent set of joints in the less deformed 
gabbroic and granitic rocks along the western margin of Zone III. Similar molybdenite-bearing quartz veins occur in 
brittle fractures transecting the Late Devonian granite porphyry observed in drill core from the southern part of Zone 
III. 

The mineralisation has been traced over a strike length of 1900 m with an average width of 650 m and 350 m 
depth (Samuel Engineering, 2013). Paragenetic studies and field relations suggest that there was an early barren to 
weakly mineralised alteration event preceded by an early stage of tungsten mineralisation, an intermediate stage of 
molybdenum +/- tungsten mineralisation, and a late stage of polymetallic mineralisation whereby tungsten was ac-
companied by base metals (Lang, 2010). 

Figure 15 – A) Fracture-controlled scheelite mineralisation (outlined by yellow marks) mantled by an alteration halo 
of biotite alteration cutting metasedimentary host rocks. B) Molybdenite mineralisation along the margins of a 
quartz vein. 
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Resource estimates 

Calculations by Texasgulf Inc. indicated that Zone I contains an estimated 6.8 Mt of 0.21% W03 and 0.35% Cu, 
and that Zone II contains an estimated 1.4 Mt of 0. 14% W03 and 0.09% Cu (Mann, 1980; Martin, 2006). A mineral 
resource estimate for Zone III (Table 1) was calculated on the basis of assay results from the 2008 drilling program 
(Geodex Minerals Ltd., 2009). A mineral resource estimate was also calculated for the Ellipse Zone, located a few 
hundred meters south of Zone III within the diorite (Table 2; Geodex Minerals Ltd., 2009). Mineral reserves for the 
deposit are shown in Table 3. 

Table 3. Mineral reserves, Sisson deposit (January 2013) 

Categories Tonnes 
NSR 
($/t) 

WO3 % Mo % W (M mtu) Mo (M lb) 

Proven 105,415,000 25.48 0.069 0.023 7.3 53.0 

Probable 228,948,000 23.54 0.065 0.020 14.9 101.7 

Total 334,363,000 24. 15 0.066 0.021 22.2 154.8 

Threshold Equivalent 
WO3 % 

Measured 
Tonnes (Mt) 

WO3 
% 

Mo 
% 

Indicated 
Tonnes (Mt) 

WO3 
% 

Mo 
% 

Inferred 
Tonnes (Mt) 

WO3 
% 

Mo 
% 

0.025 26.6 0.072 0.025 257.3 0.062 0.019 223.6 0.055 0.018 

0.075 19.4 0.086 0.030 151.1 0.082 0.026 118.7 0.073 0.027 

0. 125 11.0 0.109 0.037 69.1 0.107 0.034 47.8 0.097 0.036 

0.175 5.1 0.135 0.044 26.7 0.131 0.045 5.9 0.120 0.049 

0.225 1.8 0.168 0.053 9.3 0.152 0.058 5.4 0.138 0.064 

Table 1. Mineral resource estimate for Zone III, Sisson deposit. 

Note: W03 equivalent = W03 % + 2.02 Mo % 

Threshold Equivalent 
WO3 % 

Measured 
Tonnes (Mt) 

WO3 
% 

Mo 
% 

Indicated 
Tonnes (Mt) 

WO3 
% 

Mo 
% 

Inferred 
Tonnes (Mt) 

WO3 
% 

Mo 
% 

0.025 1.1 0.082 0.023 28.3 0.072 0.024 36.5 0.061 0.019 

0.075 0.9 0.092 0.027 22.5 0.081 0.027 23.4 0.073 0.026 

0.125 0.5 0.112 0.034 10.4 0.105 0.038 8.6 0.091 0.041 

0.175 0.2 0.135 0.044 4.6 0.121 0.05 3.4 0.102 0.057 

0.225 0.1 0.146 0.068 1.5 0. 139 0.067 0.9 0.094 0.094 

Table 2. Mineral resource estimate for Ellipse Zone, Sisson deposit. 

Note: W03 equivalent = W03 % + 2.02 Mo % 
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Indicator mineral, till geochemical, and stream sediment geochemical signatures 

During the Geological Survey of Canada's (GSC) Targeted Geoscience Initiative (TGl-4; 2010-2015), GSC and 
the New Brunswick Department of Energy and Mines (NBDEM) conducted indicator mineral case studies around 
the Sisson W-Mo and Mount Pleasant Sn-W-Mo-Bi-ln polymetallic deposits in New Brunswick. The objective is to 
document glacial dispersal patterns of W, Mo, Sn, and In-bearing indicator minerals and matrix geochemical signa-
tures in till and stream sediments at varying distances down-ice of the deposits, in support of exploration in New 
Brunswick and other glaciated terrains. This is the first study to document glacial dispersal of W-bearing minerals 
around a significant W deposit. 

At Sisson, 3 tills are present: lllinoian Northumberland till, Early to Middle Wisconsinan Caledonia till, and the 
geochemically barren, Younger Dryas, Collins Pond till (Seaman, 2009; Stea et al., 2011). This presented sampling 
challenges as the tills were deposited by ice flows from different source areas and are geochemically distinct but not 
easy to distinguish in the field. At Sisson, 79 bulk till samples were collected up-ice, overlying, and up to 14 km 
down-ice (SE) of the deposit. The distribution of sample sites was guided by previous sampling by Kidd Creek 
Mines (Snow and Coker, 1987) and the NBDEM (Seaman, 2002, 2003; Seaman and McCoy, 2008). Stream water, 
silt, and bulk samples were collected at 16 sites at Sisson to characterize scheelite abundance, size, and shape for 
comparison with grains in the till. Results for all of the TGl-4 sampling are contained in several GSC Open File Re-
ports (McClenaghan et al., 2013a, b, c, d). The till geochemical signatures of the TGl-4 work in the area of the Sis-
son deposit are also presented in McClenaghan et al. (2014). 

Till sampling was optimized by first collecting sixty-one 200 g till samples and determining W, Mo, Sn, Bi, and 
Cu concentrations, using a portable XRF (pXRF) spectrometer. At Sisson, anomalous pXRF concentrations match 
previously known NBDEM anomalies in the glacial dispersal train extending 14 km to the SE, and correlate well 
with subsequent borate fusion and aqua regia/ICP-MS analyses of the <0.063 mm fraction of till (up to 815 ppm W, 
65 ppm Mo, and 978 ppm Cu). Till, stream, and a suite of bedrock samples were processed to produce heavy miner-
al concentrates for assessment of indicator minerals and to characterize the indicator mineral signature of the Sisson 
deposit (McClenaghan et al., 2013a, b, c, d). Scheelite is abundant in the deposit, and a significant indicator mineral 
in till up to 10 km down-ice (Fig. 16) and in stream sediments up to 8 km downstream (Fig. 17). Other indicator 
minerals of the Sisson deposit include molybdenite, chalcopyrite, wolframite, Bi minerals, sphalerite, and galena. 
Note that there is minimal glacial dispersal of molybdenite (hardness 1) at Sisson because it is much softer than 
scheelite (hardness 4-5) and therefore does not survive glacial transport (Fig. 18). The pathfinder elements in till for 
the Sisson deposit are W, Mo, Cu, Bi, As, Sn, Cd, Ag, In, Zn, Pb and it is recommended that till geochemistry be 
used in combination with indicator minerals methods (McClenaghan et al., 2013a, b, c, d, 2014). 

The implications for exploration resulting from the TGl-4 project are as follows. 

 Scheelite is an indicator mineral of W mineralisation, in till and stream sediments; Northcliff Resources Ltd. is 
currently using the methodology developed in this project. 

 Scheelite is physically robust and survives glacial and fluvial transport. 

 Silt to sand sized presence of coarse scheelite (>0.5 mm) is an indicator of proximity to source. 

 Scheelite is abundant (100s to 1000s of grains proximal to source). 

 This project developed a systematic method for scheelite grain counting under UV light, now a new service be-
ing offered at a commercial heavy mineral lab. 

 Wolframite, molybdenite, bismuth minerals, chalcopyrite, and arsenopyrite are also present. 
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Figure 16 – Scheelite in the 0.25-0.5 mm size fraction of till in the vicinity of the Sisson W-Mo deposit 
(McClenaghan et al., 2013d). 
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 Scheelite is easily detectable and efficient results are obtained with a sample density of one per 5 km2. 

 Physical evidence for the presence of mineralisation, grain morphology, and chemistry provide information 
about distance to, and nature of, the bedrock source. 

 

Figure 17 – Scheelite in the 0.25-0.5 mm size fraction of stream sediments in the vicinity of the Sisson W-
Mo deposit (McClenaghan et al., 2013d). 
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Figure 18 – Molybdenite in the 0.25-0.5 mm size fraction of till in the vicinity of the Sisson W-Mo deposit 
(McClenaghan et al., 2013d). 
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Burnthill W-Sn-Mo Deposit 
The Burnthill Mine is located approximately 70 km NNW of Fredericton, along the southern flank of the South-

west Miramichi River. The past-producing tungsten mine (Fig. 19) occurs within rocks that comprise the Miramichi 
Terrane in central New Brunswick. The area is underlain by a northeast-trending belt of Cambro-Ordovician rocks 
that comprise the Tetagouche and Miramichi groups, which have been intruded by a number of post-orogenic Late 
Silurian to Early Devonian granites. These intrusions are thought to have played a major role in the mineralising pro-
cesses that generated the various types of mineralisation in that area (Fig. 20). 

Exploration history 

Much of the exploration history summarized in this section is taken from that presented in Burns et al. (2008). 
Molybdenite mineralisation in quartz veins was first discovered by Dr Charles Robb in 1868 at the mouth of 
Burnthill Brook along the northern side of the Southwest Miramichi River. In 1910, Mr Samuel Freeze discovered 
additional mineralisation in the same general vicinity. His samples were sent to Dr T.L. Walker of the Mines Branch 
in Ottawa, who later identified wolframite within the samples. Mr Freeze continued to explore the area and was con-
fident that there were millions of tonnes of tungsten in the area. Mr Freeze, together with Mr Matthew Lodge and Mr 
A.E. Williams, formed the Acadia Tungsten Mines Ltd. Surface drilling and trenching was conducted on the site and 
eventually a shaft was sunk. Minor production took place at the mine site in October 1915 and by mid-1916, the 
company had delineated a resource of 47.2 tonnes of concentrate at a grade of 65% WO3. Besides tungsten ore, the 
mine also produced topaz - some of which were ground for use as a polisher in place of emery powder or diamond 
dust. In 1917, the shaft was deepened from 18 m to 51 m but in December 1917, the mine was closed down because 
of the inability of the milling equipment to concentrate the complex wolframite and sulphide ore (Victor, 1957). 

Figure 19 – Headframe at the former Burnthill Tungsten Mine (ca. 1960s). 



Rogers et al., 2015 

150 

Between 1941 and 1942 Consolidated Mining and Smelting conducted an extensive trenching program. Bulk 
samples were collected from two of their seven trenches, which yielded grades of 2.97% WO3 and 1.3% WO3 over a 
length of 15.5 m. At the time, Mr J.M. Black reported an approximate resource of 31,752 tonnes of tungsten ore. 
Burnt Hill Tungsten Mines Limited secured the property in 1952-1956. A 290 m adit was driven on the property and 
both surface and subsurface drilling programs were conducted. A 150 tpd mill was erected on the property as well as 
a number of other buildings, the remnants of which can still be seen. Production of tungsten concentrates begun in 
the early fall of 1954. 50,128 lbs of concentrate grading 69% WO3 and 3.5% Sn were shipped. At this time three 
"ore blocks" were estimated to contain a mineable resource of 252,000 tons grading 1.63% WO3. It was also estimat-
ed that the tungsten concentrate would contain 4% recoverable Sn. It appears that only the No. 2 and No. 3 veins 
were used for the estimate, which was based on underground workings and drillhole data. At the then (1956) prevail-
ing price of US$ 100 per mtu of WO3 or US$ 5.00 per lb the value of the tungsten mineralisation is reported "to be 
worth $75 per ton of ore." 

Between 1963 and 1964, surface drilling was conducted by Burnthill Tungsten and Metallurgical Limited to 
depths of 152.4 m below the adit. Extensive exploration and development were carried out during 1967, which in-
cluded re-opening of the west portal close to the 1915 shaft, underground surveying and mapping of the adit and 
drifts, 334.4 m of subsurface drilling in 5 drill holes, and 700 m of surface drilling in 8 holes. A new shaft was sunk 
on the property in 1969 to a vertical depth of 72.5 m. Several drifts were excavated to the southwest and northwest. 

In 1972, McPhar Geophysics conducted an IP survey over the Burnthill Mine site on behalf of Miramichi Lum-
ber Company. From 1978-1980, Miramichi Lumber Company began an extensive mine evaluation program that be-
gan with the dewatering of the 1969 shaft in 1978. Additional drifts were excavated at the 150 ft level and a sample 
was sent to Ore Sorters Canada Ltd. for pre-concentration testing. 

In 1979, 70 tons of materials were shipped to Lakefield Research of Canada Ltd for processing and testing. A 
surface-drilling program was also carried out in that year and an indicated ore reserve of 2,820,900 tons grading 

Figure 20 – Bedrock geology of the Burnthill area showing the location of the Burnthill Mine in relation 
to the other mineral occurrences in the region. 
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0.147% WO3 was calculated (ACA Howe International). In 1980, a 365.8 m decline was driven, which was located 
just to the west of the 1969 shaft. A 12,341 tonne bulk sample was collected and treated at an on- site pilot plant, 
which consisted of ore storage, crushing, screening, and sampling sections. A photometric ore sorter was also used 
to separate white mineralised quartz vein material from the darker meta-sedimentary waste rock. From this point, a 
mine plan was proposed but was never carried out. In 1981, following the 1979 and 1980 underground and pilot 
plant programs, and using the results of underground sampling (100 level (adit level), 150 level and 150 old level), 
surface and underground diamond drilling and bulk samples from the adit decline, A.C.A. Howe International Lim-
ited estimated unclassified mineral resources at Burnt Hill, totalling 2,820,900 tons grading 0.147% WO3 (Brewster, 
1981). It should be emphasized that the reserves report by Burnt Hill Tungsten Mines Limited, was based on only 
three mineable blocks and did not include any resources/reserves beyond the immediate mine development area. The 
resources reported by Brewster (1981), on the other hand, represent an unconstrained estimate based on mineralisa-
tion along a strike length of 440 m and over a vertical depth of 240 m. A summary of the historical resource esti-
mates (non 43-101 compliant) for the Burnt Hill deposit are given in Table 4 (from Brewster, 1981). 

The deposit is currently held by Noront Resources who have a joint venture with Cadillac Ventures Inc. (the 
chief operators). Over the past couple of years, Cadillac Ventures Inc. has further explored the deposits (i.e., geolog-
ical mapping, sampling, and drilling) in order to bring the resource estimates up to NI 43- 101 standards. 

Deposit description 

The Burnthill deposit consists of numerous W-Sn-Mo-Be-F bearing quartz veins that occur within and above 
the apical portion of a cupola of the Burnthill pluton (Fig. 21). This cupola is located in the subsurface 1 km to the 
south of the surface exposure of the Burnthill pluton, and has been intersected in previous drill programs. Wolfram-
ite, the main ore mineral, is found in en echelon sets of steeply dipping quartz veins that range in width from a few 
centimetres to several meters. These cut the cupola granite, its host rocks, and an earlier set of barren, bedding-
parallel quartz veins. 

In addition to the mineralisation hosted within the quartz veins, the underlying granite also contains mineralisa-
tion. Quartz-greisen and greisen veins contain molybdenite and cassiterite. Mineralisation is concentrated in four 
main quartz veined zones collectively occupying an area approximately 335 m long by 152 m wide to a depth of 285 
m (Potter, 1969; Puritch et al., 2005). The veins strike approximately 300° and have a variable dip (usually moderate 
to steeply northeast-dipping) (Potter, 1969). This trend is identical to the mode of the trends of the major joint set in 
the Burnthill pluton. In addition to wolframite and quartz, these veins also contain variable proportions of scheelite, 
cassiterite, beryl, topaz, fluorite, and bismuth as well as molybdenite, pyrite, and arsenopyrite. Trace amounts of ga-

Company Year Tonnage (tons) Grade WO3 % 
Estimated contained W 

(lbs WO3) 

Burnt Hill 
Tungsten Mines 

1956 252,000 1.63 5,544,000 

A.C.A. Howe 
(Brewster) 

1981 2,821,000 0.147 9,123,000 

Table 4. Unclassified Historical Resource estimates Burnt Hill Tungsten deposit 
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lena, native bismuth, scheelite, helvite, rutile, anatase, apatite and calcite have also been identified. Gold mineralisa-
tion (up to 1.9 git Au) was reported in a sample collected from the tailings piles by Fyffe and MacLellan (1988). 

Early paragenetic studies by Victor (1957) are presented in Figure 22. Lyon (1988) also proposed a paragenetic 
sequence of the vein mineralogy and divided it into three stages as determined from mineral growth patterns (i.e., as 
mutual intergrowths, inclusions, replacements, vein selvages, vein and fracture fillings, etc.): 1) an early oxide-
silicate stage; 2) sulphide stage; and 3) late vein stage. 

Potter (1969) described two different types of mineralised quartz veins both of which correspond to Lyon's 
(1988) oxide-silicate stage. The first type contains quartz and muscovite with minor beryl, molybdenite, scheelite, 
wolframite, fluorite, and cassiterite. This, the most abundant vein type, commonly occurs along joints and faults 
striking 100° to 120°. The second type comprises quartz and topaz with minor wolframite, pyrrhotite, chalcopyrite, 
pyrite, arsenopyrite, fluorite, molybdenite, beryl, native bismuth, anatase and cassiterite. Iron-rich chlorite 
(chamosite) and helvite (beryllium silicate mineral) have also been identified (R.M. Crosby, pers. comm., 1985). 
Sulfides from the second stage extensively replace the first stage minerals (Victor, 1957; Lyon, 1988). The complex 
paragenesis and structural relationships of the Burnthill veins suggest a protracted history of vein mineralisation pos-
sibly taking place over a considerable range of temperatures (Victor, 1957). 

Wolframite occurs as shiny jet black (brown when weathered) individual prisms up to 5 cm in diameter, as 
coarse bladed crystal aggregates, and in massive form (Sabina, 1992). Pyrrhotite is commonly dark brown and mas-
sive, molybdenite occurs in platy masses, arsenopyrite is normally crystalline and massive, and pyrite occurs as cu-
bes and irregular masses (Sabina, 1992). 

Figure 21 – Cross-section displaying drillhole intersections of Burnthill mineralisation 
and their relationship with the underlying Burnthill Pluton. 
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According to Sabina (1992), the quartz associated with the mineralisation is commonly vitreous, milky, or mas-
sive with some crystals reaching a length of 5 cm. The topaz can be massive, nearly square, often striated, prismatic 
crystals (up to 2.5 cm wide) of translucent to turbid, white, yellow, dull green and smoky to grey in colour. Gem 
quality topaz has been reported from the deposit but is rare. Most topaz contains tiny inclusions of wolframite thus 
producing a turbid, cloudy appearance. The beryl that has been observed is light green, transparent, slender crystals 
(generally 0.5 cm wide and 3.5 to 5 cm long) and sometimes occurs as radiating crystal masses. Fluorite can be mas-
sive or crystalline, colourless, purple or green (less commonly pink, blue, yellow or white). Chlorite occurs as dark 
green, flaky or scaly masses whereas calcite is pearly- white foliated, brownish white platy and massive white. Or-
thoclase is colourless to white in small, platy, aggregates. Apatite is massive and crystalline and fluoresces a deep 
yellow under 'short' ultraviolet rays. Muscovite occurs as scaly to flaky masses. These minerals are generally associ-
ated with each other and with the metallic minerals but their paragenesis is not presently known. Many of them oc-
cur in vugs in quartz, e.g. fluorite and/or quartz crystals coated with crystals of pyrite and chlorite; and topaz and 
quartz crystals, in places studded with cassiterite crystals. The pink fluorite (chlorophane) is phosphorescent and 
fluorescent (bright green) under short wave ultraviolet light; when heated it phosphoresces brilliant aquamarine. Sec-
ondary sulphates that were identified include jarosite (yellow, powdery encrustation on sulfides and on the host 
rock) and rozenite (white, powdery patches and coatings on pyrrhotite). 

Zealand Station beryl prospect 
The Zealand Station beryl prospect is located 30 km northwest of Fredericton, NB in York County (Fig. 2). The 

mineralised zone occurs in a stripped area approximately 100 m by 200 m along a major northwest-trending power 
line. Access to the property can be obtained via Lawrence Lane off Highway 104. 

Exploration history 

Initial interest in the Zealand Station area was in the early 1950s when molybdenite was first discovered in 
quartz veins by a Mr. Perkins. Attempts to uncover significant Mo mineralisation in two test pits were unsuccessful; 
however, the presence of a "blue rock" in the trench was mentioned. In 1957, M.J. Boylen staked the area in search 

Figure 22 – Paragenetic sequence for the Burnthill deposit (from Victor, 1957). 
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Figure 23 – Geological setting of the Zealand Station beryl prospect (modified from Caron, 1996). 



Granite-related mineralization and alteration in the Acadian Plutonic Belt 

155 

of beryl mineralisation. Mapping in the area was conducted by A.B. Baldwin in 1959 and during the summer of 
1961, trenching and a berylometer test were conducted. Positive results were obtained but the project was terminat-
ed. Latam Explorations Ltd. staked the area in 1962 and conducted diamond drilling (5 holes totalling ca. 47 m), 
channel sampling, soil sampling, and geological mapping. Limited Mo mineralisation as molybdenite in quartz was 
discovered in the drilling as well as beryl mineralisation that was reported to be of uneconomic proportions at the 
time (Latam Explorations Ltd., 1962). An additional three drill holes were completed in 1964 by Fred J. Smith, 
which showed significant mineralisation over a 2.4 m interval in two of the three holes (Smith, 1964). 

Brunswick Mining and Smelting Corporation Ltd. staked the property in 1982 for its molybdenum, tungsten, 
and uranium potential. They conducted geochemical surveys (including soil and stream sediments) and geological 
mapping. Only two W anomalies were identified in soils but it was noted that W and U concentrations in the stream 
sediments increased up stream (Brunswick Mining and Smelting Corporation Ltd., 1982). 

In 1985, geological mapping, channel sampling, trenching, and a magnetometer survey were carried out on the 
property by Shediac Bay Resources Inc. Three trenches were dug in the main stripped area where rock and channel 
sampling took place. Results of the 120 samples collected yielded only ten samples that had BeO concentrations 
above 100 ppm: one sample contained 980 ppm BeO (Shediac Bay Resources Inc., 1985). Additional sampling, 
trenching, and mapping were done in the area of the main Be mineralisation. Grab samples collected from the area 
ranged from 0.003 to 7.18% BeO. A resource estimate was calculated for the area by Dr. Rainer Stahlberg, which 
consisted of 133,329 tonnes (147,000 tons) grading 0.74% BeO (Shediac Bay Resources Inc., 1986). 

Further exploration and mapping were conducted in the vicinity of the main Be showing. A detailed map of the 
area was produced along with additional grab sampling and a berylometer analysis (Shediac Bay Resources Inc., 
1986). The average grade of the beryl mineralisation was reported to be between 0.01 to 0.1% BeO, which was con-
sidered to be uneconomic at the time (Shediac Bay Resources Inc., 1987). Since then, the property has only seen 
limited exploration activity. 

Geological setting 

The Zealand Station beryl prospect is situated along the northeastern cusp of the multiphase Devonian Pokiok 
Batholith (Fig. 23) that intrudes the metasedimentary rocks of the Fredericton Trough in southwestern New Bruns-
wick. The Pokiok Batholith intrudes the southern end of the Miramichi Highlands and underlies an area of approxi-
mately 1,500 km2. The batholith is divided into four units, which from oldest to youngest comprise: i) Hartfield To-
nalite (Venugopal, 1979): grey, medium-grained, foliated, hornblende-biotite tonalite; ii) Hawkshaw Granite (Lutes, 
1979): light grey to pink, medium- to coarse-grained, equigranular to megacrystic, biotite granite to granodiorite ; 
iii) Skiff Lake Granite (Lutes, 1979): light grey, coarse- to medium-grained, porphyritic to equigranular, muscovite-
biotite granite; and iv) Allandale Granite (Ruitenberg and Fyffe, 1982): pink to grey, fine-to medium-grained, 
equigranular to seriate, muscovite biotite granite. A buried granodiorite intrusion in the underground workings at the 
Lake George Antimony deposit is considered to be part of the Pokiok Batholith (Seal et al., 1987, 1988; Yang et al., 
2002, 2008). Bevier and Whalen (1990) presented Early Devonian U-Pb zircon ages ranging from 415 ± 1 Ma to 
402 ± 1 Ma for the main intrusive phases. 

The particular granitic phase that contains the beryl mineralisation at Zealand Station was mapped as the 
Hawkshaw Granite by Caron (1996), which was dated at 411 ± 1 Ma (U-Pb titanite; Whalen, 1993). The surround-
ing country rocks consist of metasedimentary rocks of the Early Silurian Kingsclear Group. 
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The Hawkshaw Granite is generally characterized by pink to grey feldspar porphyritic, medium-grained biotite 
granite to granodiorite; however, at Zealand Station the rocks are medium-grained granite with local textural and 
accessory mineral variations (Fig. 24). A late-stage, southeast-trending weakly porphyritic aplite dyke cross cuts the 
granite. It is in places pegmatitic, and locally has abundant blue beryl (aquamarine) occurrences in the aplitic 
groundmass, as well as in association with very coarse K-feldspar crystals (Fig. 25). To the east-southeast of the 
main trenched exposure is a pegmatite dyke that consists predominantly of muscovite, quartz, and orthoclase with 
crystals reaching close to 30 cm in size. 

Contact metamorphosed hornfels of the Silurian Burtts Corner Formation (Kingsclear Group) are exposed in 
small outcrops on the property. They consist of metamorphosed very fine-grained grey shale, which contain variable 
quantities of cordierite, biotite, and minor subhedral pyrite. 

Geochemistry 

The host granite and cross cutting dyke have a granitic composition with Si02 contents within the range of 67.5 
to 82.4 wt%. Using the Frost et al. (2001) classification, the FeO*/(FeO*+MgO) ratio is from 0.09 to 0.95, which 
shows that these granites are predominantly magnesian and slightly potassic. The modified alkali-lime index 
(MALI) diagram of Frost et al. (2001) shows that the host granite and porphyritic aplite dyke is calc-alkaline with 
strong peraluminosity (ASI = 1.23 to 3.76), enhanced by greisenization. 

In comparison, the samples collected from the granite and aplitic dyke have partially overlapping compositions. 
The trace-element data have elemental characteristics of S-, fractionated I-, and crustal A-type granites. Geochemi-
cal data indicates that the dyke and granite source composition is either S-type or fractionated I-type that has been 

Figure 24 – Photographs of the various granitic phases of the Hawkshaw Granite at the Zealand Station 
prospect (after Beal et al., 2009). A) Pink granite; B) White granite; C) Biotite granite; and D) quartz 
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contaminated by assimilation and mixing. The latter classification is more likely the case as there is evidence of as-
similation of surrounding metasedimentary rocks (i.e., xenoliths) near the granite-hornfels contact. 

The geotectonic discrimination diagrams of Pearce et al. (1984) indicate that in all cases, the data from both the 
host granite and the aplitic pegmatite dykes plot near the triple point between within-plate granites, volcanic arc 
granites, and syn-collisional granites. 

Geochronology 

The porphyritic aplite dyke provided an age of 400.5 ± 1.2 Ma (TIMS U-Pb zircon; Beal, 2007), whereas an age 
of 404 ± 8 Ma was obtained using the U-Pb in magmatic monazite by the EPMA technique (Beal, 2007). These ages 
link the aplitic dyke to the Allandale Granite phase, previously dated at 402 ± 1 Ma (Whalen, 1993). The Allandale 
phase is the youngest defined phase of the Pokiok Batholith. 

Beryl mineralisation 

At the Zealand Station beryl (aquamarine) occurrence, the host granite is altered to greisen in pockets (<3 m 
wide) and along the margins of veins that have associated molybdenite booklets and beryl locally. The quartz-rich 
veins have two predominant orientations: 135°/90°, and 010°/75°W. They are <5 cm wide with rare molybdenite-
rich pockets (<1.5 cm thick) and can be traced along strike for up to 30 cm. The greisen pods show no preferred ori-
entation, although they are suggested by Chrzanowski and Elliot (Shediac Bay Resources Inc., 1986) to be associat-
ed with nearby fracture orientations in the granite. The veins and greisen pods contain up to 5.61 wt% BeO. In addi-
tion to the secondary beryl in the granite, there is up to 20 vol% beryl in a portion of the aplitic phase of the dyke. 
Other samples from the aplitic dyke and pegmatite contain up to 79 ppm Be. 

Beryl crystals at the Zealand Station prospect are up to 4 cm in length and 2 cm in diameter (Fig. 25). The crys-
tals are clear to milky, light to medium blue in colour, and are commonly euhedral to subhedral. Zoning can be seen 
in some specimens where the core is dark blue and the rims are light blue. The crystals found on the property all 
have microfractures; however, there is the possibility of gem quality aquamarine crystals occurring beneath the zone 
of deep weathering (Beal, 2007). 

Figure 25 – A) Disseminated beryl within granite at the Zealand Station prospect. B) Subhedral to euhedral 
beryl crystals from the Zealand Station prospect. 
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Molybdenum and tungsten mineralisation 

Throughout the main exposure at the Zealand property, molybdenum (molybdenite) and tungsten (scheelite and 
wolframite) mineralisation has been found as disseminations within altered granite, associated with greisen altera-
tion, as well as in quartz veins and fractures. A pegmatite exposed in a 2 m by 2 m outcrop along the eastern margin 
of the property does not contain any beryl but does contain tungsten mineralisation in the form of wolframite (Beal 
and Lentz, 2010; Beal et al., 2010). The pegmatite has a distinctive border zone, intermediate zone and a core domi-
nated by quartz and plagioclase crystals up to 15 cm in diameter. In addition, there are biotite booklets up to 3 cm 
wide and wolframite crystals up to 3 cm long in the core zone. The border and intermediate zones primarily contain 
orthoclase, albite, quartz, and muscovite with trace amounts of biotite, zircon, rutile, monazite, chlorite, calcite, and 
iron-oxides (Beal and Lentz, 2010; Beal et al., 2010). The property has never been systematically evaluated for its 
molybdenum- tungsten potential. 

Deposit model 

Beal (2007) proposes that the deposition of beryl mineralisation at the Zealand Station prospect requires that 
there were elevated quantities of Be present during the fractionation of the A-type granite. During ascension, local 
assimilation of the country rocks cause Be and other incompatible rare element enrichment of the magma until such 
time as a separate magmatic fluid phase exsolves. Saturation within the volatile phase occurs as the magma cools 
and the resulting rare-earth element hybrid-type pegmatite and aplite dykes are formed. Within this evolved magma-
fluid system, the separate fluid phase allows crystallisation of beryl within local pegmatitic pockets. The magmati-
cally derived fluids also infiltrate the host rock fracture network precipitating beryl in quartz veins and surrounding 
greisen pockets. Beryl compositions are consistent with crystallisation between 600°C to 660°C at 2.5 kbar (Beal, 
2007). 
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Trip 1 – Sisson Brook and Zealand Station 

Itinerary 

Trip 1 will focus on the geology of the Sisson Brook W-Mo deposit and minor occurrences associated with the 
Nashwaak Pluton; several stops will highlight regional stratigraphy, which is host to much of the exo-contact Sn-W-
Mo-Cu mineralisation throughout the region. The day will finish with a visit to the Zealand Station beryl prospect 
that occurs along the northeastern margin of the multiphase Pokiok Batholith. 

Stop 1-01: Hayden Lake Formation 
Stop 1-01A: Ferromanganiferous Mudstones (46°22'55.46" N, 66°53'42.45" W) 

Route: From downtown Fredericton, head north on the Westmorland Street Bridge. Proceed through the lights at 
the Ring Road-Maple Street intersection and then again at the Ring Road – Brookside Drive intersection. Take Exit 
620 on the right and head towards Stanley. Turn right onto Hwy-620, and continue on this road until reaching the 
Village of Stanley (42.1 km). Turn left onto Hwy-107 and proceed through the village for approximately 3.7 km. 
Turn left and head toward Florenceville – Bristol. Turn right onto a logging road at 16.2 km and proceed to the pit 
area 300 m on the road to the right. 

Hazards: Please watch your step in the rubbly areas and exercise caution along the small ridge. 

Figure 26 – Fe- and Mn-rich shale of the Hayden Lake Formation in the pit at Stop 1-01A. 
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The exposure in this pit consists primarily of maroon iron- and manganese-enriched mudstone and siltstone of 
the Ordovician Hayden Lake Formation (Fig. 26). It is one of three formations that make up the Ordovician Teta-
gouche Group in the Deersdale – Nashwaak River area. The Hayden Lake Formation is conformably underlain by a 
sequence of felsic tuffs and interbedded, brachiopod-bearing, calcareous siltstone of the Early Ordovician 
(Arenigian) Turnbull Mountain Formation, and is conformably overlain by a sequence of interbedded wacke, silt-
stone and minor conglomerate of the Push-and- Be-Damned Formation. The Tetagouche Group extends some 200 
km to the northeast where it hosts the world-class volcanogenic massive base-metal sulphide deposits of the Bathurst 
Mining Camp. The reddish coloured beds in the pit are intercalated with green mudstones; manganese staining is 
evident along fracture surfaces. Black chert and graphitic shale comprising the upper part of the Hayden Lake For-
mation are exposed in the quarry at Stop 1-01B. 

Stop 1-01B: Black Graphitic and Pyritic Shales (46°22'50.90" N, 66°53'46.86" W) 

Route: Walk 100 m back toward the main road and stop at the pit area on the left. 

Hazards: At the east side of the quarry, the walls are steep and unstable so please do not get too close to the edge. 

The west side of the quarry (closest to the logging road) consists of black graphitic and pyritic shales of the Or-
dovician Hayden Lake Formation. The east side of the quarry (farthest from the logging road) consists of medium 
grey to maroon siltstone like those seen in the previous stop. The contact between the maroon and black sequences is 

Figure 27 – Contact between black pyritic shale (left) and maroon siltstone (right) of the 
Hayden Lake Formation at Stop 1-01B. 
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marked by a rusty, 20 m wide zone of fault gouge and abundant barren quartz veins (Fig. 27). Graptolites in black 
shale of the Hayden Lake Formation in the Turnbull Mountain area range in age from the Glyptograptus terretiuscu-
lus Zone of the Middle Ordovician to the Nemagraptus glacilis Zone of the Upper Ordovician (Poole, 1963; lrrinki, 
1980; van Staal and Fyffe, 1991, 1995a). 

Stop 1-02: Miramichi Group (46°25'14.93" N, 67°01'25.23" W) 

Route: From Stop 1-01B, return to the main road and turn right. Continue along Hwy-107 for 9.4 km. Turn left onto 
the dirt road (Road 19). At 1.7 km, keep right at the intersection. Proceed for 2.7 km from the intersection and stop 
at the outcrop on the right hand side of the road. 

Hazards: The outcrop may be unstable in certain sections. Please exercise caution while examining the outcrop. 
Also, please be aware of those around you before hammering the rocks. 

The rocks of the Cambrian to Early Ordovician Miramichi Group in the Sisson area consist of deep-water, tur-
biditic sequence of interbedded quartzose sandstone and shale. This sequence was deposited on the Ganderian conti-
nental slope along the south-eastern side of the Iapetus Ocean (Rice and van Staal, 1992). In the local area, the rocks 
of Miramichi Group form the core of a north-northeast-trending antiform; they are in faulted contact with the Early 
Ordovician Turnbull Mountain Formation of the Tetagouche Group to the west and are overlain unconformably by 
the Hayden Lake Formation of the Tetagouche Group to the east. The outcrop at this stop consists of laminated 

Figure 28 – Field photograph of the quartzose sandstone beds of the Miramichi Group at 
Stop 1-02. 
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quartzose sandstone interbedded with slate (Fig. 28). Sandstones of the Miramichi Group are typically light grey but 
the purplish brown hue in this exposure is due to the presence of biotite formed as a result of hornfelsization; minor 
barren quartz veins cross-cut the bedding. 

Stop 1-03: Intense greisen alteration, Nashwaak Granite (46°29'33.99" N, 67°02'51.42" W) 

Route: From Stop 1-02 backtrack to Hwy-107. Turn left and continue along Hwy-107 for 9.0 km. Outcrop on the left 
(south) side of the road. 

Hazards: This is a busy road/or logging trucks. Please park well of/to the side of the road and watch for traffic. 

At this location, alteration of the Nashwaak Granite is much more intense, a result of sericitization and silicifi-
cation and accompanied by disseminated pyrite-arsenopyrite mineralisation. Similar greisen alteration is found with-
in the Nashwaak Granite to the north and south for a considerable distance and is coincident with a steeply dipping 
fracture cleavage (029/74° E) that is prominent in the western domain of the Nashwaak pluton. 

Figure 29 – Calcite filled pod rimmed by drusy quartz within the Nashwaak Granite at 
Stop 1-04. 
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Stop 1-04: Alteration zone in Nashwaak Granite (46°29'39.06" N, 67°03'10.97" W) 

Route: Continue 400 m west along Hwy-107 and stop at the outcrop on the south-west side of the Deersdale inter-
section. 

Hazards: This is a busy intersection for logging trucks. Please park well off to the side of the road and watch for 
traffic. 

At this location, the greenish alteration of the biotite-muscovite phase of the Nashwaak Granite is a result of 
local sericitization. Pods of calcite with rims of drusy quartz are present within the granite (Fig. 29), as are xenoliths 
that range up to 5 cm in length. 

Figure 30 – Field photograph of the Nashwaak Granite outcrop along the edge of the 
Nashwaak River at Stop 1-05A. 
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Stop 1-05A: Nashwaak Granite  
(46°24'40.12" N, 67°09'38.06" W) 

Route: Turn south on dirt road at Deersdale intersection. Continue on dirt road for 15.6 km. At 3-way junction turn 
right. Proceed for 300 m and park at the ATV rest area. Walk 300 m down the trail to the river. 

Hazards: Stumps and rocks may pose tripping hazards along the trail to the river. Please exercise extreme caution 
at this stop. The river is deep with a swift current at this location and the smooth outcrop along the edge of the river 
can be very slippery when wet. 

The outcrop is located along the west side of the Nashwaak River and once formed the abutment of an old 
bridge that crossed the river at this location (Fig. 30). The Early Devonian Nashwaak Granite at this location con-
sists of orangey pink to light grey equigranular to seriate textured biotite granite. Medium orange coloured aplitic 
dykes cross-cutting the granite are discernible in some of the angular boulders at this location (Fig. 31). 

Figure 31 – Field photographs of an aplitic dyke cutting equigranular 
biotite granite of the Nashwaak Granite at Stop 1-05A. 
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Stop 1-05B: Nashwaak Granite (46°24'28.28" N, 67°09'37.11" W) 

Route: Return to the main road via the trail. Proceed back to the intersection (300 m). 

Hazards: This is a busy intersection for logging trucks. Please park well off to the side of the road and watch for 
traffic. 

Outcrop is exposed as several subcrops at the road intersection. The Early Devonian Nashwaak Granite at this 
location consists of orangey pink to light grey equigranular to seriate textured biotite granite. 

Stop 1-06: Howard Peak Granodiorite (46°22'28.03" N, 67°03'02.90" W) 

Route: At intersection and turn left. Proceed for 2.2 km and turn right. Follow the dirt road for 4.6 km and turn 
right at the stop sign. At 4.3 km; stop at the outcrop on the right side of the road. 

Hazards: This outcrop is near a blind knoll on a busy logging road. Please park well off the road and be sure to stay 
well off the road in case a logging truck comes over the hill. Please exercise caution along the steep edges of the 
outcrop and beware of those around you when hammering the rocks. 

The outcrop on the south side of the road consists of the Early Devonian Howard Peak Granodiorite that forms 
the host rocks to a portion of the Sisson W-Mo deposit. This medium- to coarse-grained plagioclase-rich diorite/

Figure 32 – Howard Peak Granodiorite: medium- to coarse-grained plagioclase-rich dio-
rite/granodiorite, cross-cut by fine- to medium-grained biotite-bearing felsic dykes 
interpreted to be derived from the Nashwaak Granite (Stop 1-06). 
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granodiorite is medium grey on the weathered surface and dark grey on the fresh surface (Fig. 32). Light orange, 
fine- to medium-grained biotite-bearing felsic dykes up to 30 cm wide that locally crosscut the granodiorite are inter-
preted to be derived from the Nashwaak Granite. 

Stop 1-07: Sisson Brook Zone I trench (46°22'23.53" N, 67°02'29.72" W) 

Route: Return to the vehicles and proceed down the road another 700 m. Park along the side of the road. The trench 
is located on the left hand side of the road, down a small trail. 

Hazards: Park well off to the side of this busy logging road. Please watch for logging trucks before you cross the 
road. The short trail to the trench has uneven sections that may pose tripping hazards. The smooth sections of the 
trench may be slippery when wet. Please be aware of others when hammering the rocks. 

The bedrock in the northeastern part of the trench at Zone I (Fig. 8) comprises an interbedded sequence of dark 
grey siltstone and light grey felsic tuff of the Turnbull Mountain Formation. The beds range from 1 cm to 10 cm in 
thickness, strike 020° and dip 60° E. The bedded sequence is in contact with granodioritic rocks of the Howard Peak 
pluton along a north-northwesterly trending fault exposed in the southwestern part of the trench. A medium-grained, 
north-northwesterly trending dyke intrudes the bedded sequence in the northern part of the trench and is truncated to 
the south by an east-west-trending cross fault. Movement on this cross-fault was dextral, assuming that the gabbroic 
dyke observed on the southern side of the fault represents the displaced continuance of the same dyke (Fig. 33). 

Granodiorite of the Howard Peak pluton shows a steep foliation that strikes about 030°. Both the foliation and a 
prominent, west-northwesterly trending (300°-310°) joint set in the granodiorite are abruptly truncated by the north-
northwesterly trending fault that marks the boundary with the bedded rocks to the northeast (Figs. 33 and 34). Schis-
tosity-shear fabrics in the bedded sequence indicate sinistral movement along this fault zone (Fig. 35). Some move-

Figure 33 – Schematic diagram of the trench at Zone I (from Fyffe and Thorne, 2010). 
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Figure 34 – Field photograph showing the faulted contact between metasedimentary 
rocks and granodiorite in the trench at Zone I (Stop 1-07). 

Figure 35 – C-S fabric developed in silicified metasedimentary units in the trench at 
Zone I, Sisson deposit (Stop 1-07). View looking northwest. 
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ment also took place along the west-northwesterly trending joint set, as indicated by small dextral displacement of 
the margins of two 30 cm thick, northeasterly trending diabase dykes cutting the granodiorite (Fig. 11). Narrow 
quartz veins containing pyrite, chalcopyrite, wolframite, and molybdenite follow the strike of bedding, the fault 
zone, and the joint set. The fault zone exposed in the trench at Zone I is interpreted to be a horsetail splay off the 
main north-northeasterly trending, high-strain shear zone that lies along the eastern margin of the Howard Peak plu-
ton on Zone III. 

Stop 1-08: Howard Peak Granodiorite (46°21'54.13" N, 67°03'13.63" W) 

Route: Return to the vehicles and proceed to the bottom of the hill and turn around at the logging road on the left 
(100 m). Head back up the hill for 400 m and turn left onto the logging road Proceed for 1.3 km and park along the 
side of the road at the comer. The outcrop is located in the ditch on the right side of the road. 

Hazards: Smooth surfaces of the outcrop may be slippery when wet. Please be aware of others around you when 
hammering rocks. 

Outcrops on the west side of the logging road consist of foliated granodiorite of the Howard Peak pluton. Folia-
tion in the northerly part of the exposure strikes between 15° and 30° and dips approximately 80° SE. Granitic 
dykelets strike 175° and dip 80° E (Fig. 36). Quartz veins at this location range from 0.5 cm to 1 cm in width and 
strike between 130° and 140° and dip 65° SW. The quartz veins cross-cut the foliation and dextrally offset the gra-

Figure 36 – Foliated Howard Peak Granodiorite cross-cut by northerly-trending granitic dykelets, which in 
turn are cross-cut by west-northwesterly trending, molybdenite-bearing quartz veins (Stop 1-08). 
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nitic dykelets. Blebs of molybdenite are locally present in the quartz veins. Granitic dykelets in the southerly part of 
the exposure are overprinted by the foliation and are folded; however, a pod of granite pegmatite is undeformed 
(Fig. 37). 

Stop 1-09: Sisson Brook Zone III trench (46°22'10.06" N, 67°02'49.93" W) 

Route: Return to the vehicles and turn around. Proceed back out the road for approximately 800 m and park on the 
right side of the road by the spoil piles at the west end of the large trench at Zone III. 

Hazards: The walls of the trench are steep and unstable in places so please stay well back from the edge and exer-
cise extreme caution. Be aware of those around you when hammering rocks. 

The stockpiles at the beginning of the trench were bulk sampled and excavated at 5 m intervals from along the 
length of the trench prior to flooding. The variation in lithologies (cut by Mo- and W-mineralised veins) can be seen 
amongst the piles. Molybdenite-bearing veins were more prevalent at the eastern end of the trenches whereas scheel-
ite is more abundant at the western end and the grade increases toward the western limits of the trench. These veins 
were cut by north to northwesterly-dipping veins carrying quartz-chalcopyrite-wolframite veins. 

Bedrock at the eastern end of the trench at Zone III (Fig. 38) is a fine-grained silicified gabbro that possesses a 
prominent foliation trending 003° and dipping 55° W. Chalcopyrite and pyrite are present in 10 cm thick silicified 
zones and quartz veins that follow the foliation trend. A later set of quartz veins (about 2 cm thick), striking 125° 

Figure 37 – Foliated Howard Peak Granodiorite cross-cut by granite pegmatite dyke at 
Stop 1-08. 
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and dipping 80° SW, transects the foliation in the gabbro and contains abundant molybdenite. Westward along the 
south wall of the trench, a 2 cm thick quartz vein with a 095° strike and 60° S dip is intersected at a low angle by a 4 
cm thick quartz vein with a 135° strike and 85° SW dip. In places, the veins are sinistrally offset by a few centime-
tres along the northerly trending foliation plane (Fig. 13). Granitic dykes from 10 cm to 15 cm thick cut the gabbro 
and possess a strong northerly trending, cataclastic foliation along which feldspar augen are aligned. The top of the 
north wall of the trench features a strongly foliated, fine-grained gabbro containing plagioclase porphyroclasts about 
2 cm in length (Fig. 14). The gabbro is cut by a vertical, northerly trending granite pegmatite dyke that is about 5 cm 
thick and cut by two intersecting, molybdenite-bearing quartz veins. The earlier quartz vein (V1) is about 0.5 cm 
thick, strikes 110° and dips 65° SW; the later quartz vein (V2) is about 2 cm thick, strikes 140° and dips 60° SW 
(Fig. 39). 

As originally exposed in 2007, the trench was excavated as a series of benches about 0.5 to 1 m high (Fig. 38). 
Over the Mo-zone (Fig. 40A), to the east, there were two benches in till, with the bedrock surface comprising a third. 
To the west, over the W-zone, the till was thicker, with five benches in till and then the bedrock surface (Fig. 40B). 
The excavation did not reach the bedrock surface at the far western end of the trench, where two visibly different ba-
sal tills were observed. The lower till was slightly yellower in colour, and characterized by significant clay (ca. 25 %) 
in the matrix and an east-southeast-trending fabric. This till was assigned to the Early Caledonia Phase by Seaman 
and McCoy (2008). However, following redating of  the buried organic materials at the Half Moon Pit section of 
Lamothe (1992), this lower till – stratigraphically equivalent to his Lower Till – was reassigned to the Northumber-
land Phase, of probable Illinoian age (Seaman, 2009). 

Figure 38 – Exploration trench at Zone III of the Sisson deposit at Stop 1-09 (looking 
west). 
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The upper till exposed in the trench appeared to be the sandy basal till typical of the surface till of the area. 
However, geochemical and till fabric investigations revealed that there were two sandy tills present (Seaman and 
McCoy, 2008). The lower of these (i.e., the middle till at this site) is the regional surface till, correlative with the 
Upper Till of Lamothe (1992); it is now assigned to the Early Wisconsinan Caledonian Phase glaciation (Seaman, 
2009), which was characterised by southeast to south-southeast ice flow. Its geochemical signature strongly reflects 
the mineralisation in the underlying bedrock. The uppermost till is the stratigraphic equivalent to the late-glacial till 
identified at Todd Mountain by Lamothe (1992). At Sisson this till is comprised of a mix of material reworked from 
the underlying till diluted with unmineralised material from late-glacial ablation till and glaciofluvial, glaciolacus-
trine, and organic deposits by westward flow of the late-glacial Gaspereau Ice Centre - Collins PondPhase; Younger 
Dryas Stadial (Seaman, 2009). The late-glacial till effectively masks the geochemical signature of the subcropping 
bedrock at Sisson. For example, in samples from a section overlying the Mo-zone (Fig. 40A), the late-glacial till 
contained no detectable Mo (<1 ppm), while duplicate samples from the underlying Caledonia till averaged 39 ppm 
Mo (very anomalous), and a sample of underlying gossanous till contained 260 ppm Mo (Seaman and McCoy, 
2008). 

During the Targeted Geoscience Initiative 4 (TGI 4) indicator mineral and till and stream sediment geochemical 
sampling project (McClenaghan et al., 2013a, b, c , d, 2014; Parkhill et al., 2014) several back hoe pits were exca-
vated in the area of the Zone III trench. Scrub piles from several of these pits are still present in the west end of the 

Figure 39 – Intersecting, molybdenite-bearing quartz veins in the Zone III trench at Stop 
1-09, Sisson deposit (looking east). 
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Figure 40 – A) Till section in the south face of the east end of trench at Zone III (SB-N) of the Sisson  W-Mo  de-
posit,  overlying the  Mo-zone;  sample  from  the  upper  lift (beside the pack) is Younger Dryas till (CS-SB-E-
1); middle sample is Caledonia till (CS-SB-E-2); lower sample is gossanous (?) Caledonia till (CS-SB-E-3). Till 
geochemical concentrations are from the <0.063 mm fraction of basal till (Seaman and McCoy, 2008). Note ar-
rows indicating the direction of ice flow for the 2 tills. View looking south. B) Till section (sample CS-SB-W) 
above the W-zone in the western part of the trench at Zone III of the Sisson W-Mo deposit. Till geochemical 
concentrations are from the <0.063 mm fraction of basal till (Seaman and McCoy, 2008). Note arrows indicating 
the direction of ice flow in the 2 tills. View looking north. 
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trench. This will provide an opportunity to see the textural differences between the Northumberland and Caledonia 
tills. 

Stop 1-10: Ablation till (46°14'21.10" N, 67°02'03.59" W) 

Route: Proceed to the intersection (500 m) and turn right onto the Sisson Brook Road. Continue for 8.0 km. 
Bear right (south) onto the Nackawic Haulage Road and continue south, crossing the Nashwaak River in 2.8 km. 
Continue south for 4.6 km to the Keswick River Bridge. Just before the bridge note the large road cut on the left that 
consists of the medium-grained, red equigranular muscovite-bearing Hawkshaw granite phase of the Pokiok Batho-
lith. Proceed for 1.5 km from the Keswick River Bridge and stop at the gravel pit on the right side of the road. 

Hazards: There are a number of logging trucks that use this road. Please be aware of the truck traffic and stay 
well off to the side of the road. 

This roadside borrow pit exposes up to 5 m of ablation till in a hummocky disintegration moraine. This materi-
al, deposited during the final melting of a stagnant glacier, comprises material that was transported in the englacial 
or supraglacial zones (within the glacier or on top of it, respectively), and deposited during final meltout of the glaci-
er. It is commonly derived from a different direction or source than the basal till formed beneath an active glacier, 
and therefore comprises a different geochemical population. In this area, the basal till was formed by the Late Wis-
consinan Escuminac Phase glacier, with a southeast to south-southeast flow, that partially reworked an older till 
formed by the east-southeastward flowing Early Caledonia Phase (Early Wisconsinan) glacier. In contrast, the abla-
tion till was either deposited at the end of the Chignecto Phase, following a period of northeastward ice flow, or dur-
ing the Collins Pond Phase (Younger Dryas), near the western margin of the Gaspereau Ice Centre in central New 
Brunswick (Seaman, 2006). 

Stop 1-11: Zealand Station beryl prospect 

Note: At the request of the mineral claim holder, we ask that you please refrain from sample collecting at this loca-
tion. 

Route: From Stop 1-10 drive south along the Nackawic Haulage Road for 19.4 km to Hwy-104 junction. Turn left 
and follow Hwy-104 for 17.5 km to Morehouse Corner. Turn right onto Lawrence Lane and drive up the hill 600 m 
to the end of the paved road. Park at the last house on the road and obtain permission from the land owner to pro-
ceed along the dirt road to the trenched exposure on the power line. 

Hazards: The surface of the trenched exposure is very irregular in places and locally has patches of loose gravel, so 
please watch your step. 

Within the trenched exposure, the unconformable/intrusive contact between the Hawkshaw Granite of the Poki-
ok Batholith and the metasedimentary rocks of the Kingsclear Group can be seen in the northern part of the area 
(Figs. 2, 23 and 41). There are several variations of granite associated with the Hawkshaw Granite phase in this area 
including white granite, pink granite, biotite granite, and alkali feldspar aplite-porphyry. The distribution of these 
units is shown in Fig. 41. The alkali feldspar aplite-porphyry unit locally contains blue beryl. Aquamarine coloured 
beryl can be found throughout all of the phases of granite present within the area of the trench. In addition there are 
also pockets of muscovite-quartz greisen and Mo mineralisation occur throughout the trench.  
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End of the Day: Backtrack to Hwy-104 and turn right (east) and proceed for 16.5 km. At T-junction, turn left onto 
Hwy-105 and proceed east for 18.2 km to Fredericton. 

 

Figure 41 – Geology map of the trenched exposure at the Zealand Station prospect (Stop 1-11; after Beal 
et al., 2009). 
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Trip 2 – Tin Hill 

Itinerary 

Trip 2 will focus on a number of mineralisation styles in the Acadian Plutonic Belt, highlighted by a visit to the 
Tin Hill Sn-W deposit, which is associated with the large Burnthill Pluton. A number of field stops will highlight the 
regional geology of country rocks surrounding granite plutons and contact metamorphic effects. 

Stop 2-01: Western domain of Nashwaak Granite (46°33'07.06" N, 67°02'17.13" W) 

Route: From downtown Fredericton, head north on the Westmorland Street Bridge. Proceed through the lights at 
the Ring Road-Maple Street intersection and then again at the Ring Road – Brookside Drive intersection. Take Exit 
620 on the right and head towards Stanley. Turn right onto Hwy-620, and continue on this road until reaching the 
Village of Stanley (42.1 km). Turn left onto Hwy-107 and proceed through the village for approximately 3.7 km. 
Turn left and head toward Florenceville – Bristol. Turn right onto a logging road at the Deersdale intersection (34.9 
km) and head north for 600 m across the Miramichi River towards the Deersdale Mill. Vehicles are required to sign 
in at the guardhouse, and CB radios (channel 1) will be mandatory while in the Deersdale Woodlands. While pro-
ceeding through the property, vehicles are required to state their position at each mile marker and indicate their 
direction of travel. For safety purposes, field trip vehicles will yield to all oncoming traffic, and pull over towards 

Figure 42 – Bedrock Geology map in the areas covered by Stops 2-01 and 2-02. 
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the shoulder. Proceed north 5.5 km along the main Deersdale road; turn right (east) on road G and proceed 500 m 
up the hill to an exposed outcrop on the roadbed. 

Hazards: This is a blind hill and prone to fast moving trucks. Please park well off to the side of the road and watch 
for traffic. 

The outcrop on the roadbed consists of a large raft of high-grade migmatite (Trousers Lake Metamorphic Suite) 
resting within the western domain of the Early Devonian Nashwaak Pluton (Fig. 42). The migmatite features leuco-
some melt comprising quartz and feldspar with a melanocratic residuum that is rich in biotite (Fig. 43). This outcrop 
is typical of the Trousers Lake Complex throughout the region, but these migmatites can include preserved paleo-
some that resemble metamorphosed quartzite and siltstone. This migmatite likely represents a large pendent within 
the Nashwaak Pluton, nevertheless fabrics are orientated roughly N – S, parallel to the inferred contact between the 
Trousers Lake Suite and Miramichi Group. An adjacent outcrop in the ditch on the north side of the road features 
greisen alteration similar to that found at Stop 1-03. The greisen consists of a zone of intense silicification accompa-
nied by disseminated pyrite-arsenopyrite mineralisation. 

Stop 2-02: Eastern domain of Nashwaak Granite (46°34'40.17" N, 66°59'43.85" W) 

Route: Continue in an easterly direction for 2.7 km, turn left (north) on road G-65 and proceed 1.6 km around a 
dogleg bend in the road; turn right (north) on road H-10, proceed another 1.4 km to a T-junction; turn left (north) 
and proceed 400 m to Stop 2-02. 

Figure 43 – Exposed outcrop of migmatite (Trousers Lake Metamorphic Suite) pendant 
enclosed within the Nashwaak Granite (Stop 2-01). 
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An outcrop on the roadside exposes the intrusive contact between the Nashwaak granite and quartzo-feldspathic 
meta-sedimentary rocks of the Miramichi Group. In this locality, the Nashwaak Granite comprises a medium-
grained, light pink, locally garnetiferous biotite-muscovite leucogranite and most likely represents a late evolved 
phase within the Nashwaak Pluton. Where the granite intrudes meta-sedimentary rocks, a contact metamorphic aure-
ole is well developed with meta-pelitic rocks closest to the contact dominated by cordierite porphyroblasts, which 
are now pseudomorphs with minor andalusite phases (Fig. 44). 

Stop 2-03: Knight's Brook Formation (46°35'47.29" N, 66°57'09.96" W) 

Route: Return the 3.4 km to road G intersection and turn left (east) onto road G. Proceed 5.3 km to the intersection 
of road G and Q-69. Turn left on road Q-69 and proceed to the northwest; at 700 m make a sharp turn to the north-
east; proceed 800 m to Stop 2-03. 

Rocks of the Cambrian to Early Ordovician Miramichi Group in the region consist of a deep-water, turbiditic 
sequence of interbedded quartzose sandstone and shale. In this locality, quartzose wackes and siltstone of the 
Knight's Brook Formation are unconformably overlain by volcaniclastic rocks of the Hayden Lake formation and 
thick- bedded lithic wacke and silty mudstone of the Push and Be Damned Formation. Regionally, the Miramichi 
Group has been metamorphosed to greenschist facies and forms the core of a large north-northeast-trending anti-
form. The outcrop at this stop consists of bedded quartzose wacke and siltstone exhibiting a prominent S1 fabric 
(022/62° NW) and spotting of siltstone bands. The area has been affected by local metamorphic effects of the Ordo-

Figure 44 – Porphyroblast development in the metamorphic aureole of the Nashwaak 
Pluton (Stop 2-02) 



Rogers et al., 2015 

178 

vician McKiel Lake Granite and Devonian Granites of the Nashwaak and Burnthill Plutons (Fig. 45). Minor quartz 
veins and alteration occur at the east end of the outcrop, and are common throughout the region. 

Stop 2-04: Hayden Lake Formation (46°34'20.27" N, 66°50'50.28" W) 

Route: Proceed 1.7 km to a T-junction with between road Q-69 and Q-X Turn left (northeast) and proceed 200 m to 
another intersection; make a hard right turn, then an immediate left and proceed northeast on road Q-50. Proceed 
2.9 km around several turns; make a right turn at the intersection with road Q-59 and proceed southeast 5.7 km, 
stopping at the east gate. Proceed through the east gate and travel 400 m to a T-junction. Turn right and proceed 
southeast 2.3 km on Spider Brook road, turning right (southwest) on a small side road. Proceed 1.4 km to the south-
west around a bend to the outcrop at Stop 2-04. 

Siltstones and wackes of the Cambrian to Ordovician Knights Brook Formation are unconformably overlain by 
more massive thick-bedded silty mudstone and lithic wacke of the Middle Ordovician Hayden Lake Formation. To 
the north, these siltstones are conformably underlain by pillowed basalt and rhyolite that also form part of the Hay-
den Lake Formation. An outcrop in the ditch consists of massive siltstone and rare tuffaceous ash beds (Fig. 46) that 
have undergone the effects contact metamorphism from the adjacent Burnthill Pluton, approximately 2 km to the 
north. These silty-mudstones host several small exogranitic quartz veins and greisen Sn-W-Mo occurrences. At the 
north end of the outcrop, occur greisen and quartz veins with minor wolframite that cut the altered siltstone. 

Figure 45 – Bedded quartzose wacke and siltstone exhibiting a prominent S1 fabric and spotting due to local meta-
morphic effects of the Ordovician McKiel Lake Granite and Devonian Nashwaak and Burnthill plutons (Stop  
2-03). 
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Figure 47 – Exo-contact mineralisation of the Two and a Half Mile Brook occurrence (Stop 2-05). 

Figure 46 – Middle Ordovician Hayden Lake Formation massive siltstone and lithic wacke with rare tuffaceous ash 
beds that have undergone the effects contact metamorphism from the adjacent Burnthill Pluton (Stop 2-04). 
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Stop 2-05: Two and a Half Mile Brook Occurrence (46°33'35.51" N, 66°51'06.04" W) 

Route: Switch to 4x4 drive. Return to Spider Brook road, turn right and proceed 3.4 km around a large bend and 
across Two and a Half Mile Brook. Turn right and proceed north 350 m, parking vehicles at a fork in the road Walk 
350 m up the hill to the outcrop at Stop 2-05. 

Hazards: Smaller side roads do not have shoulders and can plunge several meters into the rough brush. Use ex-
treme caution when manoeuvring vehicles. 

Trenching and stripping of areas anomalous (soil) for Sn, W and Mo in the Two and a Half Mile Brook area 
exposed quartz veins containing arsenopyrite, pyrite, chalcopyrite, wolframite, cassiterite and stannite. An outcrop in 
a ditch on the north side of the road consists of siltstones of the Push and Be Damned Formation cut by quartz-vein 
hosted exogranitic mineralisation (Fig. 47). The mineralisation trends 093/24° N and is likely controlled by regional 
jointing (118/47° N and 110/67° N). Mineralisation and contact metamorphism are a result of the underlying 
Burnthill Pluton; apophyses of greisenized granite occur in the local area. 

Stop 2-06: Burnthill Granite (46°36'49.26" N, 66°49'47.25" W) 

Route: Return to the Spider Brook road, turn left and proceed 5.7 km back across Two and a Half Mile Brook and 
around the large bend. Continue in a northerly direction and at the T-junction proceed north 3 km down into the 
valley, over Burnthill Brook and up the hill to Stop 2-06 on the right (east) side of the road. 

Figure 48 – Coarse-grained granite of the Burnthill Pluton (Stop 2-06). 



Granite-related mineralization and alteration in the Acadian Plutonic Belt 

181 

Hazards: The road into the Burnthill Brook valley is very steep. Please control your speed and keep a safe distance 
from other vehicles. 

The outcrop is located along the south side of the road offers exposure of the main intrusive phase of the middle 
Devonian Burnthill granite. The Burnthill granite at this location (Fig. 48) consists of a medium to coarse-grained, 
biotite granite. The outcrop has been extensively eroded by local run off; the eroded appearance of the granite is typ-
ical of the Burnthill pluton, which is easily degraded to fine sandy deposits across the region. 

Stop 2-07: Tin Hill (46°35'27.72" N, 66°47'26.97" W) 

Route: Continue northeast 1.6 km and make a hard right onto a small side road. Proceed south 3.4 km to a T-
junction; turn left (northeast) and proceed 860 m turning right (south) at another T-junction. Continue south around 
several bends and at the sharp bend in the road at 840 m continue straight on the rough inclined side road. Proceed 
200 m up the small hill; turn left (east) and continue 150 m to Stop 2-07. 

Figure 49 – Endogranitic quartz veins and greisen hosting Sn-W-Mo mineralisation of 
the Tin Hill occurrence (Stop 2-07). 
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Figure 50 – A) Simplified geology of the Burnthill region highlighting the McLean Brook, Two and a 
Half Mile Brook, Tin Hill, and Burnthill deposits. B) Idealized section through the Burnthill Pluton 
(modified from Taylor et al., 1987; MacLellan et al., 1990). 
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Hazards: The roads in this area are soft, with very steep road edges. Please exercise caution, control your speed 
and keep a safe distance from other vehicles. 

Stop 2-07A: Buttermilk Brook Cupola 

The Tin Hill site has been largely cleared of vegetation and has been stripped to expose the Buttermilk Brook 
granite (Figs. 49 and 50). The Buttermilk Granite is largely composed of a coarse-grained porphyritic phase of the 
Burnthill Pluton, which forms small cupolas exposed at Tin Hill; the cupola can include equigranular to seriate phas-
es at the north end. The granite has incurred shearing (139/82° W), potassic alteration (K-feldspar), and has been 
penetrated by large quartz veins with associated greisen and mineralisation (Figs. 49 and 51). 

Stop 2-07B: Tin Hill Sn-W-Mo Occurrence 

Prospecting and soil anomalies on the Grid 7 property by the Miramichi Lumber and subsequent mapping and 
trenching uncovered a series of quartz veins and associated greisen cutting the granite (Figs. 50 and 51); later strip-
ping of the site uncovered the full extent of mineralisation. There are over 10 large (up to 1 m) quartz veins trending 
between 123° and 167° veins intersect and coalesce in areas. Cassiterite and wolframite are the dominant form of 
mineralisation at tin hill, but also includes scheelite, molybdenite, magnetite, pyrite, galena, sphalerite, fluorite and 

Figure 51 – Endogranitic quartz veins and greisen hosting Sn-W-Mo mineralisation of 
the Tin Hill occurrence (Stop 2-07). 
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topaz. Mineralisation and quartz veins terminate at the edges of the cupola where it is in intrusive contact with 
metasedimentary rocks of the Knight's Brook Formation. 

Stop 2-08: Knight's Brook Formation (hornfels) (46°36'01.76" N, 66°47'42.33" W) 

Route: Proceed 350 m back down the small hill; continue straight (north) 1 km to stop 2-08, a small outcrop on the 
left side of the road. 

Hazards: The roads in this area are very soft and possibly muddy, vehicles must remain in 4x4 drive. Please exer-
cise caution, control your speed and keep a safe distance from other vehicles. 

The outcrop on the left (northwest) side of the road consists of cordierite-spotted and hornfelsed meta-
sedimentary rocks (siltstone and wacke) of the Knight's Brook Formation, Miramichi Group (Fig. 52). These rocks 
have been subjected to intense alteration from the Burnthill pluton, which is likely situated just beneath this sedi-
mentary enclave and outcropping a few meters to the north. 

Stop 2-09: Burnthill Granite (46°39'48.05" N, 66°46'12.62" W) 

Route: Proceed 2.8 km back to the main road; turn right (northeast) and continue 7.5 km east, down a steep mean-
dering road, over Clearwater Brook and up the hill on the other side of the valley. Stop 2-09 is on the right side of 
the road. 

Figure 52 – Cordierite-spotted and hornfelsed metasedimentary rocks (siltstone and 
wacke) of the Knight's Brook Formation, Miramichi Group (Stop 2-08). 
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Figure 54 – Rapakivi texture (large ovoids of K-feldspar mantled by a rim of plagioclase) developed in 

Figure 53 – Multiple phases of the Burnthill Pluton – medium to coarse-grained, seriate to equigranular 
textured biotite granite is cut by pods of the porphyritic quartz-feldspar microgranite (Stop 2-09). 
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Hazards: The roads in this area are very soft and possibly muddy, vehicles must remain in 4x4 drive. Please exer-
cise caution, control your speed and keep a safe distance from other vehicles. 

The long exposed outcrop on the right (east) side of the road offers continuous exposure of multiple phases of 
the Burnthill Pluton (Figs. 53 and 54). The granite at this location consists of a medium to coarse-grained, seriate to 
equigranular textured biotite granite; a pod of the porphyritic quartz-feldspar microgranite (biotite) phase of the 
Burnthill Pluton is exposed on the hillside. These late porphyry phases are related to the Buttermilk cupola and are 
distributed throughout the Burnthill pluton, although there is a tendency for them to be more abundant near the edges 
of the pluton. 

Stop 2-10: McKiel Lake Orthogneiss (46°41'25.28" N, 66°57'41.83" W) 

Route: Backtrack 10 km in a southwest direction along the main road; turn right (north) on road GG. Proceed 
through the gate and continue for 14 km north to a T-junction with the Deersdale road. Turn left and proceed west 
10.8 km, turning right on road U. Proceed 670 m in a northwest direction turning left again on road U-2. Stop 2-10 
consists of an outcrop on the side of the road. 

Hazards: Exercise caution when turning vehicles around on the main road. 

Figure 55 – Coarse-grained feldspar augen granite (orthogneiss) of the McKiel Lake 
Suite (Stop 2-10). 
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The outcrop consists of medium to coarse-grained feldspar-augen biotite granite of the McKiel Lake granite 
suite (Fig. 55). A number of quartz-feldspar-muscovite pegmatites are seen to cut through the migmatite and can 
contain garnet and beryl; these pegmatitic stocks can be sourced to the nearby Devonian Lost Lake Pluton. 

Stop 2-11: Trousers Lake Migmatite (46°42'11.85" N, 67°02'46.71" W) 

Route: Backtrack to the main road; turn right and proceed south 3.5 km and turn right on road S (Miramichi Dead-
water). Continue northwest 5.2 km to the outcrop on the left side of the road. 

The outcrop on the south side of the road consists of a large exposure of high-grade migmatite of the Trousers 
Lake Metamorphic Suite (Fig. 56), which dominates the western half of the Acadian Plutonic Belt; metasedimentary 
rocks of the Miramichi Group are not found in this region with the exception of preserved paleosome material re-
sembling metamorphosed quartzite and siltstone. 

Trousers Lake migmatites have been intruded by the Nashwaak, Juniper Barrens and Lost Lake Devonian plu-
tons as well as a number of Ordovician granitoids, which exhibit a distinctly orthogneissic texture. The migmatite in 
this outcrop features leucosome melt comprising quartz and feldspar with a melanocratic residuum that is rich in 
biotite. A band of amphibolite likely represents a mafic dyke or sill; elsewhere in the belt, these bodies are Ordovi-
cian in age and are tholeiitic in composition. A number of quartz-feldspar-muscovite pegmatites are seen to cut 
through the migmatite and can contain rare tourmaline, scheelite and a vitreous green beryl; these pegmatitic stocks 
can be sourced to the nearby Devonian Lost Lake Pluton. 

Figure 56 – Migmatite of the Trousers Lake Metamorphic Suite cut by Devonian peg-
matite veins (Stop 2-11). 
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Stop 2-12: Juniper Barrens Granite (46°34'56.03" N, 67°07'57.22" W) 

Route: Backtrack 5.2 km to the main Deersdale road. Turn right (south) and proceed for 18.5 km; turn right (west) 
on road D and proceed 9.1 km northwest. Turn right on road D-40, proceed 600 m to an outcrop on the right side of 
the road. 

The outcrop on the right side of the road consists of fine to medium-grained biotite muscovite granite (Fig. 57) 
of the Juniper Barrens Pluton near its contact with the surrounding Trousers Lake Suite. The Devonian Juniper Bar-
rens granite was emplaced along the western boundary of the Acadian Plutonic Belt and intrudes both the Ordovi-
cian migmatites of the Miramichi Terrane and the Devonian cover sequence to the west. 

 

End of the Day: Backtrack 4.8 km to road D, turn right and proceed west for 3.7 km, across the bridge over the 
North Branch of the Little Southwest Miramichi River (Yield: One Lane). At the T-junction (airport), turn left (south) 
and proceed for 7.5 km through the Juniper gate, over the railroad tracks and into the town of Juniper. At the junc-
tion with Hwy-107, turn left and return to Fredericton via Hwy-107 and Hwy-620 (ca. 100 km). 

Figure 57 – Coarse-grained biotite granite of the Juniper Barrens Pluton (Stop 2-12). 
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Trip 3 – Burnthill 

Itinerary 

Trip 3 will focus primarily on W-Sn-Mo mineralisation at the Burnthill Mine, investigating local stratigraphy 
and exposures of mineralisation on the now decommissioned mine site. The field trip will wrap up with a visit to the 
Todd Mountain Sn occurrence, associated with the Dungarvon granite to the east of Burnthill. 

Stop 3-01: Hayden Lake Formation (46°30'50.93" N, 66°50'32.24" W) 

Route: From downtown Fredericton, head north on the Westmorland Street Bridge. Proceed through the lights at 
the Ring Road-Maple Street intersection and then again at the Ring Road – Brookside Drive intersection. Take Exit 
620 on the right and head towards Stanley. Turn right onto Hwy-620, and continue on this road until reaching the 
Village of Stanley (42.1 km). Turn left onto Hwy-107 and proceed through the village for approximately 3.7 km. 
Turn left and head toward Florenceville – Bristol. Turn right at Napadogan (20.8 km) and head north on the Irving 
Lumber road to the gate at the 2.5 km mark. Proceed another 14.8 km along the meandering road in a generally 
northeasterly direction to a fork in the road; veer to the left (north) and proceed another 1.1 km north to a small 
outcrop on the road surface. 

Hazards: This is a busy road for logging trucks. Please park well off to the side of the road and watch for traffic. 

Figure 58 – Small, roadbed outcrop of Hayden Lake Formation aphanitic rhyolite that 
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The small exposure in the roadbed is consists of an outcrop of aphanitic rhyolite that has been silicified and al-
tered to sericite (Fig. 58). This is one of only a few rare outcrops of felsic volcanic rocks of the Hayden Lake For-
mation which tend to form semi-continuous beds and isolated pods along a horizon dominated by ferromanganifer-
ous mudstone, chert and shale. The Hayden Lake Formation is dominated by pillowed mafic volcanic rocks in north-
ern regions of the belt and is underlain by thin to medium-bedded shale and quartzose wacke of the Knight's Brook 
Formation (Miramichi Group); a discontinuous unit of calcareous siltstone intercalated with felsic tuff sits strati-
graphically between the two units. 

Stop 3-02: Knight's Brook Formation: W-Sn-Mo mineralisation (46°34'8.40" N, 66°49'5.50" W) 

Route: From Stop 1 proceed another 7.4 km along the main road to Stop 3-02. Please note that the road meanders 
considerably and has numerous branches and crossroads. 

Hazards: Stop 3-02 is on a blind turn in the road, participants should exercise caution when exiting vehicles. 

The outcrop on the right (southeast) side of the road is part of a larger exposure of bedrock and loose rubble at 
the northwest end of the Burnthill Mine Property (Fig. 59). The original 1916 shaft is approximately 175 m to the 
southeast with an underground mining adit (150' level drift) extending close to the present location at a depth of 45 
m (Fig. 60). The outcrop consists of cordierite-spotted meta-sedimentary rocks (siltstone and quartzose wacke) of 
the Knight's Brook Formation (Miramichi Group) cut by numerous wolframite-bearing quartz veins. An early bed-

Figure 59 – Exposure of bedrock and loose rubble at the northwest end of the Burnthill Mine Property 
comprising of cordierite-spotted siltstone and quartzose wacke of the Knight's Brook Formation, 
Miramichi Group, cut by numerous wolframite-bearing quartz veins (Stop 3-02). 
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Figure 60 – Composite plan map of underground workings at the Burnthill Mine. 

Figure 61 – Quartz veins and W-Sn-Mo mineralisation related to the nearby Burnthill 
Mine Property (Stop 3-02). 
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ding parallel foliation (S0/S1) strikes between 020° and 030° and has a dip of 61° NW. A steeply dipping (124/78° 
NE) joint set (fracture cleavage) features dilatant quartz veins and W-Sn-Mo mineralisation (Fig. 61). 

Stop 3-03: Burnthill Mine site (46°34'10.75" N, 66°48'36.35" W) 

Route: Continue 400 m to the east from Stop 2-02 and park vehicles at the main gate for the Burnthill Mine. Partici-
pants will walk 400 m to the on the mine road to the Burnthill Mine site and present exploration office for Cadillac 
Ventures. 

Hazards: While on the mine site, do not approach unstable rock faces and overhangs; hard hats and safety glasses 
must be worn at all times. 

Stop 3-03A: Adit portal 

The adit's portal provides excellent exposure of exogranitic mineralisation and the nature of its relationship with 
the host metasedimentary rocks of the Knight's Brook Formation (Fig. 62). Endogranitic mineralisation is found at 
depth (approx. 300 m), where a cupola of the Burnthill granite pluton is cut by endogranitic quartz veins and greisen 
with notable molybdenite and cassiterite. Within the Burnthill Mine, W-Sn-Mo mineralisation is concentrated along 
four main quartz vein zones collectively occupying an area approximately 335 m long by 152 m wide and extending 

Figure 62 – Exogranitic mineralisation developed in metasedimentary rocks of the 
Knight's Brook Formation at the adit portal of the Burnthill Mine (Stop 3-03A). 
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to a depth of 285 m (Potter, 1969; Puritch et al., 2005). At surface, mineralisation consists of steeply dipping dilatant 
quartz veins found in en echelon sets and orientated parallel to a regional joint set (120/80° NE). Wolframite is the 
main ore mineral found in the quartz veins and consists of bladed crystals radiating inward from quartz vein bounda-
ries; these veins also contain scheelite, cassiterite, beryl, topaz, fluorite, native bismuth, molybdenite, pyrite, and 
arsenopyrite (Fig. 63). 

Stop 3-03B: Exogranitic W-Sn-Mo mineralisation 

Carefully climb the hill above the adit portal by using the drilling access road, which meanders, up the hillside. 
Just above the adit portal and near the fence lies an outcrop of cordierite-spotted meta-sedimentary rocks of the 
Knight's Brook Formation (Miramichi Group) cut by W-bearing quartz veins of the Burnthill ore zone. On the expo-
sure, the late quartz veins are seen to cut an early fabric (S0/S1 030/74° NE) along a prominent joint set trending 

Figure 63 – Molybdenite mineralisation and bladed wolframite associated with quartz veins and greisen at 
the Burnthill Mine. 
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122/76° NE. Bladed wolframite crystals and molybdenite (rare?) can be found in the quartz veins and concentrated 
along their margins in contact with the metasedimentary host rock. 

Stop 3-03C: Decommissioned headframe 

Carefully proceed to the east, past the safety fence and up the hill to old mill remnants and a decommissioned 
mine shaft. This represents one of several shafts installed on the mine site to hoist ore to surface for production. The 
area has many remnant pieces of Burnthill ore, ideal for collection. 

Stop 3-03D: Drill core 

Carefully proceed down the hill along the path and drilling access road to the Cadillac Ventures exploration 
office. A recent drill hole collared on the Burnthill Mine Site will be on display at the drill core racks. The drill hole 
is seen to intersect exogranitic quartz veins in meta-sedimentary rocks of the Knight's Brook Formation (Miramichi 
Group) as well as the cupola of the Burnthill granite pluton. 

Stop 3-04: Todd Mountain Sn Occurrence (46°32'30.85" N, 66°42'04.98" W) 

Route: Return to vehicles at the Main Gate and backtrack 8.9 km to the first fork in the road (near Stop 2-01). Con-
tinue in a south-easterly direction for 23 km until you reach a significant crossroads. Turn left and proceed north on 
this very curly road, veering left at 3.9 km and veering right at 8.4 km. At 15.7 km make a hard left turn and proceed 
west up the hill for 700 m. Park and exit vehicles; follow trail through the woods for 400 m to the Todd Mountain 
occurrence. 

Figure 64 – Bedrock geology of the Burnthill and Dungarvon areas showing the location of the Todd 
Mountain occurrence in relation to mineral occurrences throughout the region. 
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Figure 65 – Locally garnetiferous metasedimentary rocks (siltstone and quartzose wacke) of the Knight's 
Brook Formation, Miramichi Group, at the Todd Mountain Sn Occurrence (Stop 3-04). 

Figure 66 – Contrasting mineralisation styles at the Todd Mountain deposit. A) Arsenopyrite along widely spaced 
fracture cleavage. B) Cassiterite-bearing greisen. 
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Hazards: This is a rough road, and in places may have incurred erosion and washouts from spring runoff. Drive 
carefully and follow the path of the lead vehicle. 

The Todd Mountain site (Fig. 64) has been largely cleared of vegetation and in areas is stripped and trenched to 
expose local bedrock. Mineralisation is hosted within locally garnetiferous meta-sedimentary rocks (siltstone and 
quartzose wacke) of the Knight's Brook Formation (Miramichi Group), and sits above the Dungarvon Granite (Figs. 
65 and 66). Examination of outcrops on the site will reveal two contrasting styles of mineralisation. Steeply dipping 
cassiterite-bearing quartz veins and associated chlorite-muscovite greisen trends 025° (NE-SW) sub-parallel to a 
penetrative S0/S1 fabric trending 045/47° SE. A second hydrothermal event resulted in sericite alteration and dis-
seminated arsenopyrite mineralisation along a widely spaced fracture cleavage that is orthogonal to S0/S1 fabrics 
and trends 112/88° NE. In 1983, Billiton drilled a fence of nine holes at the Todd Mountain occurrence and had fa-
vourable drill intersections of 0.67 % Sn over 1.5 m and 0.18 % Sn over 15 m (Lutes, pers. Comm., 1988). 

 

End of the Day: Backtrack to the crossroads at 23 km and turn left (east) proceeding 5.1 km to the Gordon Vale 
Gate. Exit the Irving Woodlands, continue east; make a hard right at 9 km, proceed south for another 2 km. At the T-
junction, turn left and proceed east for 7.6 km. At the junction with Hwy-8, turn right (south) proceed ca. 65 km to 
Fredericton. 
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About This Field Trip 

The region around Baie d’Espoir and northern Fortune Bay, known colloquially as the “Coast of Bays” has long 
been on the agenda for GAC-NL field trips, and was previously visited on trips in the late 1970s and early 1980s, 
when the logistics were more complex than those of today. In the 30 years that followed these trips, our knowledge 
of the evolution of the Appalachians in Newfoundland has grown by leaps and bounds, and our interpretative models 
are more detailed by at least an order of magnitude. However, our knowledge of the later episodes in the Appalachi-
an-Caledonian Wilson Cycle, in particular the Silurian-Devonian Acadian Orogeny, remains vague compared to 
what we now know about Ordovician events. The Baie d’Espoir and northern Fortune Bay area is critical to under-
standing these events, with a major fault system separating regions now known as Ganderia and Avalonia which re-
tain evidence for complex Paleozoic deformation and magmatism,. It is in this context that the established relation-
ships and map patterns are re-evaluated and re-assessed in the light of new geochronological data and a more focused 
examination of Paleozoic rocks in Avalonia. Like many previous GAC-NL field trips, it is not our intention to pre-
sent one interpretation as if it were fact, but rather to foster discussion about multiple possibilities and missing infor-
mation that might be acquired through future work. 

In addition to its geological interest, this is a scenically spectacular part of our province, with high rugged hills, 
deep fiords and picturesque communities. It is admittedly somewhat remote and little-known as a destination, and we 
are happy to offer a field trip that will expose a new audience to its physical beauty and scientific challenges. 
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Safety Information 

General Information 

Field trips such as this may involve hazards to the leaders and participants. The organizers recommend steel-
toed safety boots when working around road cuts, cliffs, or other locations where there is a potential hazard from 
falling objects. Some field trip stops require sturdy hiking boots for safety. 

The weather in Newfoundland is often unpredictable, and participants should be prepared for a wide range of 
temperatures and conditions. Always take suitable clothing. A rain suit, sweater, and sturdy footwear are essential at 
almost any time of the year. Gloves and a warm hat could prove invaluable if it is cold and wet, and a sunhat and 
sunscreen might be just as essential. It is not impossible for all such clothing items to be needed on the same day. 

 Above all, field trip participants are responsible for acting in a manner that is safe for themselves and their co-
participants. This responsibility includes using personal protective equipment (PPE) when necessary. 

Specific Hazards 

Some of the stops on this field trip are in coastal localities. Access to the coastal sections may require short 
hikes, in some cases over rough, stony or wet terrain. Participants should be in good physical condition and accus-
tomed to exercise. The coastal sections contain saltwater pools, seaweed, mud and other wet areas; in some cases it 
may be necessary to cross brooks or rivers. There is a strong possibility that participants will get their feet wet, and 
we recommend waterproof footwear. We also recommend footwear that provides sturdy ankle support, as localities 
may also involve traversing across beach boulders or uneven rock surfaces. On some of the coastal sections that 
have boulders or weed-covered sections, participants may find a hiking stick a useful aid in walking safely. 

Coastal localities present some specific hazards, and participants must behave appropriately for the safety of all. 
High sea cliffs are extremely dangerous, and falls at such localities would almost certainly be fatal. Participants must 
stay clear of the cliff edges at all times. Coastal sections elsewhere may lie below cliff faces, and participants must 
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be aware of the constant danger from falling debris. Please stay away from any overhanging cliffs or steep faces, and 
do not hammer any locations immediately beneath the cliffs. In all coastal localities, participants must keep a safe 
distance from the ocean, and be aware of the magnitude and reach of ocean waves. Participants should be aware that 
unusually large “freak” waves present a very real hazard in some areas. If you are swept off the rocks into the ocean, 
your chances of survival are negligible. If possible, stay on dry sections of outcrops that lack any seaweed or algal 
deposits, and stay well back from the open water. Remember that wave-washed surfaces may be slippery and treach-
erous, and avoid any area where there is even a slight possibility of falling into the water. If it is necessary to ascend 
from the shoreline, avoid unconsolidated material, and be aware that other participants may be below you. Take care 
descending to the shoreline from above. 

Other field trip stops are located on or adjacent to roads. At these stops, participants should make sure that they 
stay off the roads, and pay careful attention to traffic. Participants should be extremely cautious in crossing roads, 
and ensure that they are visible to any drivers. Roadcut outcrops present hazards from loose material, and they 
should be treated with the same caution as coastal cliffs; be extremely careful and avoid hammering beneath any 
overhanging surfaces. 

The hammering of rock outcrops, which is in most cases completely unnecessary, represents a significant 
“flying debris” hazard to the perpetrator and other participants. For this reason, we ask that outcrops not be assaulted 
in this way; if you have a genuine reason to collect a sample, inform the leaders, and then make sure that you do so 
safely and with concern for others. Many locations on trips contain outcrops that have unusual features, and these 
should be preserved for future visitors. Frankly, our preference is that you leave hammers at home or in the field trip 
vans. 

Subsequent sections of this guidebook contain the stop descriptions and outcrop information for the field trip. In 
addition to the general precautions and hazards noted above, the introductions for specific localities make note of 
specific safety concerns such as traffic, water, cliffs or loose ground. Field trip participants must read these cautions 
carefully and take appropriate precautions for their own safety and the safety of others. 
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Part 1: Geological setting of the Coast of Bays region, 
southeastern Newfoundland 

Introduction 

Overview of the fieldtrip 

This three day field trip will mainly focus on the geology of the Avalonian rocks in northern Fortune Bay, and 
the adjacent Ganderian rocks situated between the Hermitage Bay fault and the Baie d’Espoir area (Figs. 1 and 2). 
The terms “Ganderia” and “Avalonia” are to a large extent (but not completely) synonymous with the Gander and 
Avalon zones in the original terminology of Williams (1979). Emphasis is placed on the effects, regional distribution 
and tectonic setting of the Salinic and Acadian orogenies in this part of Newfoundland. In addition, we will make a 
few stops along the Baie d’Espoir highway including parts of the Early-Middle Cambrian Coy Pond-Great Bend 
ophiolite (Kean, 1974; Colman-Sadd and Swinden, 1982; Sandeman et al., 2012) and other miscellaneous localities 
of geological interest. 

The Paleozoic provenance and tectonic relationships between Avalonia and Ganderia remain one of the out-
standing problems in Appalachian geology. Recent studies were conducted in this area as part of TGI 4 by the Geo-
logical Survey of Canada, in conjunction with work by the Geological Survey of Newfoundland and Labrador 
(GSNL). Current work by GSNL is aimed largely at Quaternary geology and till geochemistry (D. Brushett, un-
published data), but the area was of interest in the context of previous regional projects investigating granitoid mag-
matism (e.g., Kerr et al., 1995; Kerr, 1997), and geological mapping in Avalonia east of the Hermitage Bay fault 
(e.g., O’Brien et al., 1996, O’Brien, 1998). Mapping in the metamorphic and igneous rocks of Ganderia west of the 
fault was completed in the late 1970s and early 1980s, and is summarized by Colman-Sadd and Swinden (1982) and 
Colman-Sadd (1979; 1985). The current TGI 4 project in Newfoundland is intended to better document and under-
stand the tectonic evolution of Ganderia and Avalonia during the Silurian and Devonian, and unravel the details of 
their interaction. This will also improve our knowledge of the tectonic setting responsible for the formation of Late 
Silurian and Devonian magmatic rocks, and accompanying mineralization, and hopefully also outline new targets for 
exploration. 

Regional setting and general geology 

The area of the field trip lies in south-central Newfoundland, and encompasses parts of Baie d’Espoir, Her-
mitage Bay, and northern Fortune Bay; inland areas along the Baie d’Espoir highway are mostly part of the Gander 
River drainage basin. In the zonal terminology of Williams (1979) this includes the southwestern Avalon Zone and 
parts of the Gander Zone and structurally overlying Dunnage Zone (Exploits Subzone). In the synthesis of Williams 
et al. (1988), the Dunnage Zone rocks were viewed as tectonically juxtaposed above the largely metasedimentary 
rocks of the Gander Zone, with the latter forming several prominent tectonic “windows” (Fig. 1). Although not ex-
posed within the field trip area, Neoproterozoic (Ediacaran) plutonic and volcanic rocks are present in central New-
foundland, and a basement of similar character is inferred to exist at depth throughout the eastern part of the Central 
Mobile Belt (Figs. 1 and 2). To the southeast of the Hermitage Bay fault, the geology is dominated by Neoproterozo-
ic volcanic, sedimentary and plutonic rocks that have a complex history, and which are overlain by sedimentary 
rocks of latest Ediacaran to Cambrian age. The youngest sedimentary rocks in the area are shallow-marine to terres-
trial sequences of Devonian age, which are of local extent, but are potentially important in understanding tectonic 
evolution. 
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Figure 1 – Subdivisions of the Appalachian Orogen in Newfoundland, Atlantic Canada 
and the adjacent USA, showing the context of the field trip area. 
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Figure 2 – Thematic map of the geology of Newfoundland (modified from Hibbard et al., 2006), show-
ing the area of this field trip. BL – Boogie Lake pluton; BVBL – Baie Verte-Brompton Line; CB – 
Cape Brule porphyry; CF – Cabot Fault; CLV – Charles Lake volcanics; CRF – Cape Ray Fault; 
DBL Dog Bay Line; DC – Duder Complex; DF – Dover Fault; GHF – Gunflap Hills Fault; GRB – 
Green Bay Fault; GRUBL – Gander River Ultrabasic Belt Line; HBF – Hermitage Bay Fault; HMT 
– Hungry Mountain Thrust; HR – Harry's River; IIG – Indian Islands Group; LB – Loon Bay pluton; 
LCF – Lobster Cove Fault; LPG – La Poile Group; LRF – Lloyds River Fault; LV – Laurenceton 
volcanic; MN – Meelpaeg Nappe; OBSZ – Otter Brook shear zone; PAV – Port Albert volcanic; PF 
– Pine Falls Formation; RF – Reach Fault; SL – Stony Lake volcanics; RIL – Red Indian Line; SLD 
– Star Lake Dam; VLSZ – Victoria Lake Shear Zone. NOTE: not all of the above features are refer-
enced in the text of this field guide. 
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Granitoid rocks are abundant on both sides of the Hermitage Bay fault (Fig. 2). To the northwest, these are of 
largely Paleozoic age (Silurian to Devonian), but east of the fault there are several generations ranging in age from 
Neoproterozoic (ca. 620 Ma) to Late Devonian (ca. 375 Ma). Not all such granitoid rocks are dated, and field char-
acteristics or geochemistry alone are not sufficient to distinguish them from one another. The large Ackley Granite, 
dated at 380-377 Ma (O’Brien, 1998; Lynch et al., 2009) crosscuts the Hermitage Bay fault and is traditionally re-
garded as a “stitching pluton” that constrains the final amalgamation of the bounding terranes. 

The deformation histories on both sides of the Hermitage Bay fault are complex, and various aspects of these 
events form a major focus for this field trip. 

Overview of geology and outstanding problems 

Geological background 

The rocks of the Gander Zone and intimately associated parts of the Dunnage Zone (Exploits subzone) share at 
least in part, a common provenance and Proterozoic basement (see above) and will be referred to herein as Ganderia. 
The rocks of the Avalon Zone will be referred to herein as Avalonia (cf. van Staal and Barr, 2012 and references 
therein). Avalonia and Ganderia are two Gondwanan-derived terranes that originated on different parts of the eastern 
margin of the Iapetus Ocean and travelled across Iapetus to arrive at the margin of composite Laurentia during the 
Early and Late Silurian respectively (van Staal et al., 2012; Figs. 3 and 4). These two terranes are separated by the 
Dover-Hermitage Bay fault system in Newfoundland (Figs. 2 and 3). This fault zone is a major structure that at least 
locally appears to cut the entire lithosphere along its northern extension (Keen et al., 1986). The Dover fault zone 
accommodated both strike-slip as well southeast-directed oblique reverse movements (Holdsworth, 1994; van der 
Velden et al., 2004). The Paleozoic evolution of Ganderia and Avalonia is markedly different until the late Early 
Devonian, when red sandstones and conglomerates (a molasse sequence termed the “Old Red Sandstone” in the Brit-
ish Caledonides) overstepped onto Avalonia (Fig. 3; Williams and O’Brien, 1995; O’Brien et al., 1996; van Staal et 
al., 2014). This supports other lines of evidence that these terranes remained isolated from each other until their suc-
cessive accretion to composite Laurentia (van Staal and Barr, 2012). However, exactly how convergence was ac-
commodated between Ganderia and Avalonia is poorly constrained at present, because obvious remnants of an inter-
vening ocean have nowhere been preserved along their boundary in Newfoundland. Nevertheless, Silurian arc-like 
plutons and associated volcanic rocks in southern Newfoundland (e.g., ca. 429 Ma Burgeo Intrusive Suite; Dickson 
et al., 1985; Dunning et al., 1990; Kerr et al., 1995; Kerr, 1997) suggest that subduction of intervening oceanic litho-
sphere is a possible model to explain convergence and amalgamation of these terranes (Fig. 4). If so, this oceanic 
basin (Acadian seaway of Hibbard et al., 2006; van Staal et al., 2009) was probably narrow, because arc-backarc 
magmatism associated with its closure was relatively short-lived (Dunning et al., 1990; O’Brien et al., 1991). Sub-
duction-driven convergence and collision between Ganderia and Avalonia also provides an attractive causative 
mechanism for the penetrative Late Silurian-Early Devonian Acadian orogeny between 419 and 395 Ma (van Staal 
et al., 2009; Fig. 4). Old and dense oceanic lithosphere is generally not expected to be preserved during terrane con-
vergence driven by subduction. Hence, the absence of preserved remnants is not definitive evidence against the for-
mer existence of oceanic crust between Ganderia and Avalonia. For example, all that is left of the Luzon arc – China 
convergence in the collision zone in central Taiwan is a strongly-deformed accretionary prism, mainly made up of 
sedimentary rocks scraped off from the down-going Eurasian continental margin. The latter was juxtaposed in cen-
tral Taiwan against rocks forming part of the Luzon arc-forearc system built upon the overriding Philippine Sea 
plate. No igneous rocks representing the intervening South China Sea oceanic lithosphere have been preserved and 
most of the forearc terrane was probably underthrusted beneath the Luzon arc (Tang and Chemenda, 2000). This 
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Figure 3 – Tectono-stratigraphic columns and structural relationships of the various elements of Ganderia and Ava-
lonia (modified from van Staal et al., 2014). The peri-Gondwanan terranes are bounded to the west by the Red 
Indian Line, which separates these from the peri-Laurentian terranes (not shown here). BU – Burgeo Intrusive 
Suite; C – Coaker Porphyry; CL – Charles Lake volcanics; CMM – Carmanville melange ; DC – Duder Com-
plex; EX – Exploits Groups; GPM – Garden Point melange; HH – Hodges Hill Complex; HS – Hamitlon Sound 
Group ; INI – Indian Islands Group; JC – Joey's Cove; LB – Loon Bay pluton; LL – Long Lake Group; LP – La 
Poile Group; MPgb – gabbro phase of Mount Peyton pluton; MPgr – late granite phase of Mount Peyton plu-
ton ; P – Pipestone Pond Complex; PF – Pine Falls Formation; PP – Pats Pond Group; PV – Popelogan-
Victoria; S – Summerford Group; SP – Sutherlands Pond group; TM – Ten Mile Formation; TP – Tally Pond 
Group; TU – Tulks Group; WB – Wild Bight Group; WH – Western Head granite. NOTE: Not all of these fea-
tures are referenced in the text of this field guide  
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Figure 4 – Tectonic model for Salinic and Acadian subduction and orogenesis (modified after van Staal et al., 2014). 
(A) Late Ordovician-Early Silurian closure of the Tetagouche – Exploits back-arc basin (TEB) and start of the 
Salinic collision of composite Laurentia with the leading edge of the Ganderia. Salinic collision was coeval with 
(and hence may have caused) initiation of subduction in the Acadian seaway beneath the trailing edge Ganderia, 
forming the coastal arc – back-arc system (CAB). Red bed molasse sedimentation was initiated in basins that 
formed during early Salinic thrusting and uplift in the hinterland of the orogeny. Marine sedimentation took 
place in the Badger forearc basin. A marine foredeep accumulated Badger-like clastic sedimentary rocks and 
sedimentary rocks of the younger Indian Islands Group. (B) Progressive steepening of the Gander margin slab 
during and/or following break-off of the TEB oceanic slab. (C) Eduction of the Gander margin and eastward ex-
pansion of an asthenospheric window beneath the Salinic orogeny. Acadian collision (leading edge of Avalonia 
enters the trench) starts at ca. 420 Ma. Avalonia is subducted beneath composite Laurentia, now represented by 
the accreted Gander margin. Progressive flattening of the down-going slab following collision produced a hinter-
land migrating retro-arc deformation zone and terminated in mantle expulsion. 
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model of subduction-related convergence through consumption of a narrow oceanic realm (seaway) provides a 
working model (Figs. 4 and 5) that can be tested through detailed geological studies. 

Ganderia: Geology and evolution 

The geological elements of Ganderia vary from west to east (Figs. 2, 3 and 5). In the west, it comprises Cambri-
an-Ordovician ensialic island arc sequences and associated sedimentary rocks (e.g., Victoria Lake Supergroup), 
which formed on a Late Ediacaran volcanic – plutonic substrate (Rogers et al., 2006; Zagorevski et al., 2010). In the 
east, it is dominated by Cambrian-Ordovician sedimentary and associated minor volcanic rocks (mainly felsic) that 
collectively define the Gander margin (see further discussion below) (Colman-Sadd, 1980; van Staal, 1994). Inher-
itance and isotope studies combined with relationships established in other parts of the Canadian Appalachians sug-
gest that the Gander margin is underlain by Proterozoic basement containing rocks of a similar nature to those 
known to be present beneath the Paleozoic island arc sequences further to the west (Kerr et al., 1995; van Staal and 
Barr, 2012 and references therein; Fig. 3). Both halves of Ganderia are also characterised by similar Lower to Mid-

Figure 5 – Tectonic elements of the Newfoundland Appalachians expanded to show seaways that oc-
curred outboard of the Humber margin (modified from van Staal and Zagorevski, 2012). Closure of 
these seaways during the Cambrian-Devonian progressively expanded composite Laurentia (van 
Staal and Barr, 2014) towards the east and resulted in punctuated orogenic events (Taconic, Salinic 
and Acadian) in Newfoundland. 
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dle Ordovician (Floian – Darriwilian) fossil faunas (Williams et al., 1995; Harper et al., 2009). For reference purpos-
es, the various stratigraphic subdivisions and absolute ages for Lower Paleozoic periods and their boundaries are 
indicated in Table 1; this guide uses the International Commission on Stratigraphy (ICS) terminology, rather than 
subdivisions based upon the DNAG time scale (Palmer, 1984), employed in most older publications. Models for the 
evolution of Ganderia during the Lower Paleozoic are suggested in Figure 6. Figure 7 summarizes the geological 
units and the field trip stops. 

Table 1 – Stratigraphic nomenclature for the lower Paleozoic, showing currently used terminology from the Interna-
tional Commission on Stratigraphy (ICS) in comparison to terminology used in most previous accounts of the 
field trip area (DNAG time scale; Palmer, 1984). Ages refer to the base of the Epoch or Stage in question. 
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Figure 6 – Cambrian-Early Ordovician tectonic evolution of Ganderia (after van Staal and Zagorevski, 2012). A – 
Magmatic arc is built on Ganderia, concurrent with the development of the Rheic Ocean (van Staal et al., 2012); 
B – Rifting and drift of Ganderia further opening the Rheic Ocean, and the development of the Penobscot back-
arc basin within Ganderia; C – Closure of the Penobscot back-arc basin and obduction of ophiolites on to the 
Gander Margin. 
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Figure 7 – Simplified geological map of the field trip area, derived from the 1:1 million scale map of 
Newfoundland, showing the approximate locations of field trip stops for Day 1 and Day 3. For the 
locations of field trip stops on Day 2 see Figure 8. 
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In southeastern Newfoundland, the Gander margin is dominated by Cambrian to Ordovician marine sedimen-
tary rocks, which were metamorphosed from greenschist facies to upper amphibolite facies conditions, and locally 
formed migmatites suggestive of partial melting processes. These rocks have been divided into the Baie d’Espoir 
Group and the Little Passage gneiss, which are separated by the Day Cove fault (Colman-Sadd, 1976; 1980). The 
Little Passage gneiss is thought to represent the high-grade and migmatised equivalents of the Baie d’Espoir group 
(Blackwood, 1985), consistent with the presence locally of coticule beds and pyritiferous schist of probable volcano-
genic origin in paragneisses. However, it may also include some high-grade equivalents of the quartz-rich sand-
stones and shales of the Gander Group, which is located along strike to the northeast. 

The Ordovician Baie d’Espoir Group ranges in age from Lower Ordovician (Floian) to Upper Ordovician 
(Katian). On the basis of sparse fossil evidence; this corresponds to a range in age from ca. 479 Ma to ca. 456 Ma. It 
mainly comprises a series of sandstones, siltstones and shales, in part representing deep water turbidites (Colman-
Sadd, 1980), which together with correlatives along strike (e.g., Davidsville Group) in turn unconformably to con-
formably overlie Cambrian to Lower Ordovician (?) metasandstones and shales of the Gander Group (O’Neill and 
Blackwood, 1989; Colman-Sadd et al., 1992; Valverde-Vaquero et al., 2006). Both units were interpreted to have 
been deposited on a northwest-facing (present coordinates) continental margin by Colman-Sadd (1980), which is 
consistent with the nature of the sedimentary rocks and paucity of volcanic rocks in both the Gander and Baie 
d’Espoir groups and correlatives elsewhere (van Staal et al., 1996; van Staal and Barr, 2012). For this reason these 
rocks were collectively termed the Gander margin by van Staal (1994; 2007). Passive margin sedimentation was in-
terrupted for a short period during the earliest Ordovician (Tremadocian to Floian; 483-478 Ma), at least in the west-
ern parts of the Gander margin, by the obduction of ophiolites such as the Coy Pond and Pipestone Pond complexes 
onto the Gander Group (Colman-Sadd et al., 1992). This event is now generally termed the Penobscot Orogeny (Fig. 
6), and is broadly synchronous with the better known Taconic events on the Laurentian margin of Iapetus. Passive 
margin sedimentation terminated during the Late Ordovician and Early Silurian and was replaced by marine foreland 
basin deposits following the onset of Salinic tectonism (van Staal and Barr, 2012; van Staal et al., 2014). It is signifi-
cant that volcanic-derived sandstones in the Baie d’Espoir Group (North Steady Pond Formation) become more pro-
nounced and coarsen upwards towards the northwest (Colman-Sadd, 1980), which suggests that the Gander margin 
probably represents the passive margin of a backarc rather than a true oceanic basin throughout its history. This back
-arc basin (Jenner and Swinden, 1993; Zagorevski et al., 2008; 2010) was sandwiched between the Cambrian to 
Middle Ordovician (515-458 Ma) island arc volcanic rocks such as the Victoria Lake Supergoup at the northwestern 
(leading) edge of Ganderia and the Gander margin to the southeast. The short-lived Penobscot obduction destroyed 
most evidence of the Cambrian-Early Ordovician opening phase of the back-arc basin adjacent to the Gander mar-
gin, but back-arc rifting and spreading resumed after 476 Ma and led to the opening of the Exploits back-arc basin 
(Fig. 4). These latter events were concurrent with deposition of the Baie d’Espoir Group and its correlatives (e.g. 
Davidsville and Harbour Le Cou groups) on its passive southeast margin (van Staal, 1994; Schofield et al., 1997; 
Valverde-Vaquero et al., 2006; Zagorevski et al., 2010). 

Closure of the Exploits backarc basin eventually led to Late Ordovician - Early Silurian accretion of the Gander 
margin to composite Laurentia, which subjected the Baie d’Espoir Group and its underlying basement to the Salinic 
orogeny (Fig. 4). The Salinic orogeny in southeastern Newfoundland culminated in formation of the Little Passage 
gneiss and generation of spatially associated syn-tectonic biotite-bearing granitoid rocks between 423 and 421 Ma. 
Observations by CVS and GR confirmed that unfoliated veins of the K-feldspar porphyritic Gaultois granite (421 ± 
2 Ma) cut foliated tonalitic and granodioritic veins and neosomes that make up the bulk of the migmatitic phase of 
the Little Passage gneiss dated at 423+5/-3 Ma (Colman-Sadd, 1976; Dunning et al., 1990). The Salinic orogeny was 
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thus in its waning stages when the Gaultois granite intruded, which is consistent with age relationships deduced in 
northeastern Newfoundland (van Staal et al., 2014). 

The products of Salinic deformation and metamorphism (D1 – M1) in turn were overprinted by structures gen-
erated during the Early Devonian Acadian orogeny (Figs. 3 and 4). The Acadian tectonism led to SE-vergent D2 
folds, sinistral oblique SE-directed reverse faults (e.g. Day Cove fault) and low- to medium-pressure metamorphism 
(M2), which is coeval with generation of syn-to post D2 biotite-muscovite granites (Colman-Sadd, 1976, 1979, 
1980; Piasecki, 1988) of the Early Devonian (417-396 Ma) North Bay granite suite (Dickson, 1990; Dunning et al., 
1990). D2-related shear localised in ductile faults (e.g., Day Cove fault) caused retrogression of high-grade meta-
morphic assemblages in the shear zones and emplaced relatively low-grade (biotite zone) Acadian metamorphic tec-
tonites above higher-grade gneisses and schists of the Little Passage gneiss that record the earlier Salinic Orogeny 
(Colman-Sadd, 1976; Piasecki, 1988). Shear sense indicators observed by CVS and GR are consistent with the struc-
tural interpretations of Piasecki (1988) that the Day Cove fault probably accommodated a reverse component of 
movement in addition to sinistral strike-slip shear. The accumulated finite strain led to intense flattening, marked by 
“chocolate-tablet” boudinage (see later field stop descriptions) in the sheared rocks, which suggests that movements 
may have been polyphase and complex. This phase of shearing followed earlier exhumation of the high-grade Salin-
ic metamorphic rocks and probably took place late during D2. These relationships are consistent with a model in 
which the Salinic and Acadian orogenies represent two kinematically-unrelated tectonic events, separated by a phase 
of latest Silurian – Early Devonian uplift and exhumation (van Staal et al., 2014; Figs. 3 and 4). 

Western Avalonia: Geology and evolution 

The Avalonian rocks of the northern Fortune Bay area (Figs. 8 and 9) comprise a series of Cryogenian to Edia-
caran (685-550 Ma) sedimentary and volcanic rocks; the latter are considered to be predominantly arc-related. In 
ascending order, these rocks are assigned to the Tickle Cove Formation, the Connaigre Bay Group and the Long 
Harbour Group and associated coeval intrusive suites (O’Brien et al., 1996; O’Brien, 1998). The Cryogenian (685-
670 Ma) rocks of the Tickle Point Formation and Furby’s Cove intrusive suite are separated from the younger Edia-
caran units by a phase of deformation that predates intrusion of c. 620 Ma granitoid rocks of the Simmons Brook 
intrusive suite. Another phase of deformation locally affected these c. 620 Ma plutonic rocks prior to intrusion of 
younger Ediacaran intrusive suites after 590 Ma (O’Brien et al., 1996; O’Brien, 1998). The causes and tectonic sig-
nificance of the various Neoproterozoic events in Avalonia remain poorly understood, but are probably related to 
convergence and progressive amalgamation of the various volcanic arc terranes that together make up Avalonia. The 
Neoproterozoic volcanic and sedimentary rocks in the east of the Fortune Bay area are overlain by Ediacaran to 
Lower Paleozoic (Cambrian) sedimentary rocks of the Youngs Cove Group (Figs. 8 and 9), which based on observa-
tions by CVS and GR were complexly folded and involved in thrusting prior to deposition of redbeds of the Middle 
to Upper Devonian Great Bay de L’Eau Formation, which in turn was deposited prior to intrusion of the Middle to 
Late Devonian Belleoram granite (Williams, 1971; O’Brien et al., 1996; O’Brien, 1998). The sub-middle Devonian 
unconformity marks the Acadian orogeny in this part of Newfoundland. Observations by CVS and GR confirm earli-
er conclusions by Williams and O’Brien (1995) that Lower to Middle Devonian red beds and minor limestone of the 
Cinq Isles and Pool’s Cove formations were locally complexly deformed, involving Acadian upright to recumbent 
folding and thrusting. The red beds comprise a thick sequence of sandstone and conglomerate and probably repre-
sent the fill of a late Acadian molasse basin (van Staal et al., 2014) that captured detritus form the rising Acadian 
mountains in adjacent Ganderia (Williams and O’Brien, 1995; Fig. 3). All data thus confirm earlier inferences 
(Williams, 1995 and references therein) that the Acadian Orogeny affected both Ganderia and Avalonia, even 
though collision-related metamorphic and igneous rocks are principally concentrated in Ganderia. These relation-
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Figure 8 – Field trip stops for Day 2. Geology after O’Brien (1998). 
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Figure 9 – Generalized stratigraphic column for the area of northern Fortune Bay (partly 
after O’Brien et al, 1996; O’Brien, 1998). 
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ships support a tectonic model in which Ganderia was situated on the upper plate, as implied also by the presence of 
Silurian arc-type magmatic rocks in the Hermitage flexure (Fig. 4). Avalonia, on the other hand, represented the 
lower plate during Acadian convergence and collision between these two terranes (Fig. 4). 

An interesting new problem is posed by geochronological data from the Pass Island granite at the southwestern 
tip of the Connaigre Peninsula (Fig. 2), which has always been assumed to be a Devonian pluton of similar age to 
other prominent examples such as the Ackley Granite and Francois Granite (Kerr et al., 1993). However, a Late Si-
lurian (ca. 423 Ma) crystallization age now forces some reconsideration of this link (Kellett et al., 2014). Granitic 
plutons of ca. 423 Ma age are previously unknown in Avalonia in Newfoundland or Atlantic Canada, but such late 
Silurian magmatism is important throughout Ganderia. The age from Pass Island raises questions as to whether all of 
the Precambrian rocks of northern Fortune Bay are truly part of Avalonia and, if not, whether the Hermitage Bay 
fault actually represents the true terrane boundary along its whole length. 

Hermitage Bay Fault 

The Hermitage bay fault is inferred to mark the Ganderia-Avalonia boundary in southeastern Newfoundland 
(Figs. 2 and 3; Fig. 7). The fault juxtaposes Upper Silurian to Lower Devonian K-feldspar-porphyritic granites such 
as the ca. 421 Ma Gaultois granite and leucocratic granites of the Northwest Brook Complex in Ganderia against 
Neoproterozoic rocks of the Tickle Point Formation, Connaigre Bay Group, Simmons Brook intrusive suite and Har-
bour Breton granite in Avalonia (O’Brien, 1998). The fault zone is characterised by ductile-brittle chlorite- rich 
shears and belts of cataclasite. The absence of ductile shears in contrast to the wide zone of fault-related tectonites 
associated with the Dover fault along strike to the northeast (Holdsworth, 1994), suggest that different crustal levels 
of the structure are exposed, and that the Hermitage Bay fault accommodated mainly higher-level movements. It is 
also possible that ductilely sheared rocks akin to those of the Dover fault zone are largely masked in southeastern 
Newfoundland by granitoid rocks of the Northwest Brook Complex, which forms a composite pluton elongated 
along the fault zone’s western margin. This is supported by evidence suggesting that the ca. 403 Ma Indian Point 
granite (O’Brien, 1998), (formerly called the Straddling granite; Colman-Sadd, 1980), which is a member of the 
Northwest Brook Intrusive Complex, intruded late into the brittle fault zone. Red aplite of the Indian Point granite 
cuts strongly foliated Gaultois-type granite along the western margin of Hermitage Bay, but the Indian Point granite 
itself is only weakly foliated or transformed into narrow zones of chlorite-bearing feldspar-porphyroclastic cata-
clasite along the trace of the Hermitage Bay fault. The Avalonian rocks incorporated in the Hermitage Bay fault 
zone on the other hand are much more penetratively deformed into cataclasite than the Indian Point granite. These 
observations collectively suggest that the main brittle movements accommodated by the Hermitage Bay fault zone 
took place before ca. 403 Ma. If the strongly foliated parts of the Gaultois granite record early ductile deformation 
associated with development of the Hermitage Bay fault zone, movements along the had started by at least by ca. 
421 Ma. The orientation of subsidiary shears, lineations and scarce shear sense indicators suggest the Hermitage Bay 
fault subsequently accommodated a long and complex movement history involving both strike-slip as well dip-slip 
motions. 
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Part 2: Field trip itinerary 
The field trip itinerary is broken into two full days, followed by a partial day including selected stops en route 

from Baie d’Espoir to the Trans-Canada Highway. Day One focuses on rocks within Ganderia, and terminates at 
outcrops representing the Hermitage Bay fault. Day Two follows the same route initially, but focuses on the area of 
Avalonia located southeast of the fault, around the communities of Pool’s Cove, Belleoram, English Harbour West 
and Wreck Cove. Day Three includes three general interest stops on the Baie d’Espoir highway. 

Field trip stops for Day One and Day Three are indicated in Figure 7, and the field trip stops for Day Two are 
indicated in Figure 8. 

Day One: A transect through Baie d’Espoir Group and Little 
Passage Gneiss, along the Baie d’Espoir Highway. 

Stop 1.1: Ultramafic rocks of the Great Bend Ophiolite (48°33'24.26" N, 55°29'24.94" W) 

Join Highway 360 just east of the Exploits River bridge outside Bishop’s Falls. Check to see if there is adequate fuel 
in the tank! Watch for moose, and also for moose hunters! Continue for about 55.9 km, to Stop 1.1, which is a large 
quarry located on the east (left) side of the road, 3.0 km south of the bridge over the Northwest Gander River. 

This locality reveals varied, serpentinized, ultramafic rocks of the Great Bend ophiolite complex, one of several 
such units that separate the higher-grade metasedimentary rocks of the Gander Group and equivalents from volcanic 
and sedimentary rocks assigned to the Dunnage Zone. The emplacement of these ophiolites records the earliest 
Paleozoic orogenic event in the field trip area, the Ordovician Penobscot Orogeny. The timing of this event, which 
emplaced arc-type volcanic sequences developed within the Iapetus Ocean above the siliciclastic rocks of the Gan-
der Group and its equivalents, is constrained by the ca. 464 Ma U-Pb ages obtained from leucocratic granites that cut 
both the metasedimentary rocks and the ophiolites (Colman-Sadd et al., 1992). 

The ultramafic rocks here contain minor chromite, and at a nearby locality more abundant chromite and also 
magnesite (Magnesium Carbonate) are present. The latter is a product of hydrothermal alteration processes, and has 
attracted some economic evaluation. These areas of mineralogical interest within the Great Bend ophiolite will be 
visited on the return trip on Day Three (see Stop 3.2). Stop 1.1 is dominated by massive peridotite, and represents 
material from the uppermost mantle, below the Moho. 

Stop 1.2: Conglomerates of the Baie d’Espoir Group (48°29'18.02" N, 55°28'58.78" W) 

These roadcut outcrops are located in roadcuts about 8.2 km south of Stop 1.1, and are described in a previous field 
trip guide by Colman-Sadd and Swinden (1983; Stop 14). 

The conglomerates at this locality include varied clasts of sedimentary, plutonic and volcanic rock types. The 
conglomerate is interpreted to be a channel fill deposit within a larger turbidite fan, i.e., not of shallow-water origin. 
It is closely associated with volcanogenic sandstones that resemble those seen at Stop 1.3 (see below). Although this 
outcrop has always been regarded as part of the Ordovician Baie d’Espoir Group, an outcrop located along strike to 
the northeast yielded Silurian fossils in blocks (W.L. Dickson, unpublished data) raising questions about its true age 
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and relationships. Sedimentary rocks of the latest Ordovician to Silurian Badger and Botwood groups are present in 
locations to the northeast, but paucity of outcrop renders stratigraphic relationships rather uncertain, to say the least. 

Stop 1.3: Twillick Brook Member of the St. Josephs Cove Formation, Baie d’Espoir Group 
(48°04'24.43" N, 55°34'31.97" W) 

From Stop 1.2, continue south on Route 360 for another 52.1 km, to roadcut outcrops located on the west (right) 
side of the road, around 1.6 km south of the bridge over Twillick Brook. The exposure continues in a gravel pit also 
located on the west side of the road. The stop is described in a previous guidebook by Colman-Sadd and Swinden 
(1983; Stop 13). 

The Twillick Brook Member contains Dapingian – Darriwilian (468 ± 2 Ma) felsic pyroclastic rocks (e.g., 
quartz-feldspar crystal tuff) and represents one of the few volcanic rocks deposited on the Gander margin in this part 
of Newfoundland (Colman-Sadd et al., 1992). In these outcrops, the metavolcanic rocks are in contact with graphitic 
slates to the south, and also include sedimentary lenses. These rocks all form part of the St. Josephs Cove Formation, 
which mainly comprises fine grained, low energy turbidites and is conformably and gradually overlain by black 
shale (Colman-Sadd, 1979, 1980); poorly-preserved graptolites in this were consistent with a Darriwillian – Sand-
bian age in current terminology (Williams et al., 1992). Significantly, the Twillick Brook Member appears to be in 
direct contact with the Gander Group further to the northeast (Blackwood and Green, 1982), such that the underlying 
turbidites are cut out, hinting that here there may be a cryptic fault, or a disconformity (or a combination of both) 
between the Gander and Baie d’Espoir groups. This quarry is the site of geochronology sampling by Colman-Sadd et 
al., 1992, who obtained an age of 468 ± 2 Ma (Darriwilian in current stratigraphic terminology). 

Stop 1.4: St. Josephs Cove Formation, Trout Hole Falls Park, Head of Baie d’Espoir 
(47°55'53.18" N, 55°43'17.94" W) 

Continue south on Route 360 from Stop 1.3 for 12.5 km, and then turn right on Route 361 towards Head of Baie 
d’Espoir. Continue for 9.8 km to Trout Hole Falls Municipal Park, located on the right (west) side of the road. The 
outcrop is also described in the Traveller’s Guide to the Geology of Newfoundland and Labrador (Colman-Sadd 
and Scott, 1994; Stop 47). 

Prominent beds of sandstone and shale here form a natural dam, creating a lovely swimming hole and an excel-
lent lunch stop. The beds are nearly vertical, and well-cleaved. These steeply-dipping thinly-bedded greenschist faci-
es sedimentary rocks contain a S1 cleavage that is nearly parallel to bedding. Both the beds and S1 are folded into 
nearly symmetrical recumbent F2 folds with a shallowly-dipping S2 crenulation cleavage. The F2 structures are situ-
ated near the hinge of a large SE-verging F2 fold according to Colman-Sadd (1976). The outcrop is extremely in-
structive in terms of understanding how complex structural patterns develop through multiple periods of defor-
mation. 

Stop 1.5: Day Cove fault (47°50'0.69" N, 55°35'12.89" W) 

From Stop 1.4, return to Route 360 (9.8 km), and turn south. The outcrops representing the fault zone are about 16.8 
km south of from the Route 360/361 junction. The outcrop is described in an earlier field trip guide by Colman-Sadd 
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and O’Driscoll (1978; Stop 9); it reveals the basal fault, slide or detachment zone (or whatever you choose to call it) 
of the Baie d’Espoir Group. 

This outcrop was visited by C. van Staal in 2001 with S. Colman-Sadd and comprises mylonitic rocks devel-
oped in felsic volcanic or volcanogenic sedimentary rocks of the Isle Galet Formation (Colman-Sadd, 1976, 1980). 
Near Barasway de Cerf the same formation contains a trilobite pygidium of possibly Late Cambrian or Early Ordo-
vician age (Colman-Sadd, 1976). A fossil locality on nearby Conne River contains trilobites of Early to Middle Or-
dovician (Floian to Dapingian) age (S. Colman-Sadd, pers. comm., 2001). Boudinage of veins indicate a strong 
oblique down-dip stretching lineation. Structural investigations of this fault zone along strike along the shores of 
Baie d’Espoir show juxtaposition of moderately NW-dipping dark greenschist facies phyllite and phyllonitic felsic 
volcanic rocks of the Isle Galet Formation with mylonitic schists of the Little Passage gneiss (see Stop 1.6 below). 
The shear zone-related mylonitic foliation contains intrafolial isoclines of quartz veins, which in turn are overprinted 
by two generation of mesoscopic folding. “Chocolate-tablet boudinage” seen in veins suggests the fault accommo-
dated a high flattening strain. Shear-sense indicators are ambiguous, but are consistent with a reverse component. 
Not all of the features discussed above are readily visible in these roadcut outcrops, but the fault zone is marked by a 
prominent topographic depression (seen to the northwest) which links to the coastal outcrops; the metamorphic rocks 
of the Little Passage gneiss, to the south, show a marked topographic and vegetation contrast with the terrain under-
lain by the lower-grade sedimentary and volcanic rocks. 

Stop 1.6: Pelitic schists and psammite of the Little Passage gneiss injected by muscovite-bearing leu-
cocratic granite veins (47°49'19.00" N, 55°35'9.11" W) 

This stop is located a short distance south of the Day Cove fault, about 1.3 km from Stop 1.6. The rocks contrast 
strongly with all outcrops seen previously, and a previous description given by Colman-Sadd and O’Driscoll (1978; 
Stop 10) is augmented below. 

The rocks are paragneisses and schists consisting of quartz, mica and feldspar, and contain variable amounts of 
garnet, staurolite and sillimanite, and also tourmaline and pyrite. Complex folding is obvious, and no primary sedi-
mentary structures are reported. These pelitic schists interlayered with thin bedded psammite were folded into SE-
overturned F2 folds, which are accompanied by a fanning S2 crenulation cleavage of S1. S1 is axial planar to intra-
folial F1 folds in the psammite. The leucocratic granite veins likely belong to the Early Devonian North Bay granite 
suite, which contains rocks of similar aspect (Colman-Sadd, 1976; Dickson, 1990) and occur in two orientations: one 
set is roughly parallel to S2 and weakly foliated; the other set is roughly parallel to S1 and was folded, albeit less 
strongly than the host, and contains a well-developed S2 fabric. Apparently the veins intruded in several orienta-
tions, and those with an orientation in the shortening field of the strain ellipsoid were folded and well-cleaved, 
whereas those that intruded in the extensional field were not, but developed a weak cleavage and were instead boudi-
naged. These relationships suggest that intrusion took place during F2, consistent with other lines of evidence that 
F2 is related to the Acadian orogeny, assuming that the early Devonian age inferred for the granite veins is correct. 
There is presently no direct geochronological information on the granitoid veins, but this would obviously be im-
portant information. 
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Stop 1.7: Northeastern extremity of the Gaultois Granite (here of dioritic composition) 
(47°48'16.54" N, 55°35'39.08" W) 

From Stop 1.6, continue approximately 2.2 km south on Route 360. These outcrops were previously described by 
Colman-Sadd and O’Driscoll (1978; Stop 11); this material is augmented below. 

The outcrops consist of foliated, melanocratic diorite. Although these outcrops are not typical of the Gaultois 
Granite as a whole, mapping indicates that this unit is continuous with, and grades into, more typical megacrystic 
granitoid rocks to the southwest. The diorite is cut by veins of leucogranite containing minor garnet and tourmaline, 
which are equated with the rocks at Stop 1.7 below (S. Colman-Sadd, pers. comm.) 

Stop 1.8: Northwest Brook Complex granite close to Hermitage Bay fault 
(47°44'31.28" N, 55°32'53.31" W) 

From Stop 1.7, continue approximately 8.2 km south to prominent outcrops located in roadcuts and gravel pits on 
the right (west) side of Highway 360. These outcrops were previously described by Colman-Sadd and O’Driscoll 
(1978; Stop 13); this material is augmented below. 

The red K-feldspar porphyritic muscovite-biotite granite, locally containing minor garnet, is dissected by nu-
merous brittle faults and joints. Locally it also contains a weak shear fabric with structures suggesting dextral strike-
slip movement. The shear fabric formed under greenschist facies or lower conditions, as feldspar shows no recrystal-
lization. Cross-cutting pegmatite zones in these outcrops contain garnet and tourmaline. 

Stop 1.9: Hermitage Bay fault in Northwest Brook granite (47°41'53.89" N, 55°34'19.32" W) 

From Stop 1.8, continue southward on Route 360 for 6.2 km to the Junction for Route 362. The road descends into 
the deep valley that marks the trace of the Hermitage Bay fault. Turn left on Route 362, and shortly afterwards (275 
m), turn left into large gravel pits located in the bottom of the valley. 

In these outcrops, K-feldspar porpyritic granite akin to that observed at Stop 1.6 is chloritized and deformed 
into a subvertical cataclasite and associated minor ductile-brittle shears. Lineation is shallowly plunging and indi-
cates the fault here accommodated mainly strike-slip movements. No reliable shear-sense indicators have been ob-
served. 

Stop 1.10: Sheared mafic volcanic rocks of Avalonian affinity on the other side of the Hermitage Bay 
fault (47°41'51.34" N, 55°34'13.03" W) 

From Stop 1.9, return to Route 362, and drive westward to the first prominent set of roadcut outcrops (c. 250 m). 

We have now crossed into Avalonia. The original rock type for these outcrops is not easily resolved due to their 
extensive brittle deformation overprint, but the dark colour and abundance of chlorite and epidote strongly suggests 
a mafic volcanic protolith, and they are assigned to the Doughball Point Formation (part of the Connaigre Bay 
Group) of O’Brien (1998). 
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Day Two: Paleozoic evolution of the Avalonian rocks of 
northern Fortune Bay and the Connaigre Peninsula 

The Day Two field stops are all located in the area between Highway 360 and the communities of Pool’s Cove, 
Belleoram, English Harbour West and Wreck Cove (Fig. 8). Some adjustment of stop order may be needed for time-
management purposes. 

Stop 2.1: Simmons Brook Intrusive Suite and possible Devonian granite dykes 
(47°39'55.85" N, 55°31'19.36" W) 

From Baie d’Espoir, proceed along Route 361 to Route 360, and drive southward past previous from Day One, and 
then turn left onto Route 362, passing Stop 1.9 from Day One. Follow Route 362 (signed for Pool’s Cove and Belle-
oram) for a distance of 5.8 km from its junction with Route 360, and turn right (south) on to a gravel road that leads 
to a nearby communication tower. The road may be rough and difficulty to turn on, but the outcrops can easily be 
accessed on foot from the junction with Route 362. 

The Simmons Brook Intrusive Suite consists of hornblende ± biotite bearing granodiorite to quartz-diorite 
quartz with lesser amounts of granite and gabbro. These rocks extend from Harbour Breton in the southwest to East 
Bay in the northeast, forming a 5- to 10-km wide band bounded by the East Bay-White Horse fault in the south and 
the Hermitage Bay in the North. In the East, the Simmons Brook Suite is unconformably overlain by the Pool’s 
Cove Formation (Stop 2-3), and in that locality it has been dated at 621 ± 3 Ma (O’Brien et al., 1995). It is intruded 
by K-feldspar porphyritic hornblende granite, grouped with the Harbour Breton Granite, which yielded a preliminary 
U-Pb zircon age of ca. 575 Ma (Kellett et al., 2014). The outcrops in the road show the typical homogeneous and 
hornblende-rich character of this unit, and also contain dykes of pink felsic granite to porphyry, which clearly in-
trude the granodiorite. Visually, these rocks resemble some variants of the “Old Woman Stock”, a Devonian granite 
to be visited later in the day, and they are thought to be of the same age. However, given the lack of direct age data 
and the presence of several generations of granitoid rocks in this part of Avalonia, other interpretations cannot be 
ruled out. 

The Simmons Brook Intrusive Suite has an unusually evolved Nd isotope signature (ƐNd of -6.3 to -8.2 at 600 
Ma) compared to other intrusive rocks across Avalonia in Newfoundland, which almost all have “juvenile” Nd iso-
topic signatures (ƐNd of +1 to +6) . This result suggests an older crustal component in the area of northern Fortune 
Bay that is not reflected amongst intrusive rocks of equivalent age to the east (Kerr et al., 1995). More data are re-
quired to confirm and possibly extend this pattern, and to assess its significance in the light of other new results, 
such as the Silurian age for the Pass Island Granite (Kellett et al., 2014; see earlier discussion). 

Stop 2.2: Devonian dykes intruding the Pool’s Cove Formation (47°39'18.50" N, 55°30'7.60" W) 

From Stop 2.1, return to Route 362, and continue east to the junction where the road to Pool’s Cove diverges, a dis-
tance of about 1.9 km. 

This location introduces the terrestrial sedimentary rocks of the Pool’s Cove Formation. The red conglomerate 
is intruded by several porphyritic felsic dykes, which are probably offshoots of the ca. 376 Ma Old Woman Stock 
granite pluton (see stop 2.11 below). 
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The dykes have prominent contact metamorphic aureoles, despite their narrow widths. The extent of the meta-
morphic aureole suggests that the intrusion of the Middle Devonian dykes took place whilst the conglomerate was 
still wet, and that the water contained in the sediments acted as a heat carrier. If the correlation with the Old Woman 
stock is correct, the Pool’s Cove Formation is late Early to Middle Devonian. Closely similar dykes are also found 
along the coast of the Cinq Isles, consistent with their correlation with the nearby Old Woman Stock pluton. 

Stop 2.3: Basal unconformity of the Pool’s Cove Formation (47°39'48.53" N, 55°29'20.04" W) 

From Stop 2.2, continue 1.4 km east towards Pool’s Cove, and examine outcrops exposed in Simmons Brook to the 
left (north) of the road; a short access trail is located just before the bridge. This locality is also described in the 
Traveller’s Guide to the Geology of Newfoundland and Labrador (Colman-Sadd and Scott, 1994; Stop 49). 

The outcrop about 30 m upstream shows the near-vertical unconformity at the base of the Lower to Middle De-
vonian Pool’s Cove Formation, which here is in contact with granitoid rocks of the Simmons Brook Intrusive Suite. 
The granitoid rocks are cut by narrow diabase dykes, and pebbles of the older unit are included within the basal lay-
ers of the younger sedimentary unit. In other locations similar conglomerate is in tectonic contact with older rocks, 
or lies disconformably (Greene and O’Driscoll, 1976; Williams and O’Brien, 1995) upon the Cinq Isles Formation, 
which hence is older and probably Lower Devonian. The Cinq Isles Formation appears to have been subjected to 
more intense deformation, including cleavage formation, consistent with the presence of an unconformity within the 
Devonian sedimentary sequence (see stop 2-10 for further discussion) 

Stop 2.4: Pool’s Cove Formation – conglomerates with plutonic boulders 
(47°40'35.74" N, 55°25'37.22" W) 

From Stop 2.3, continue 7.6 km to Pool’s Cove, and stop by the fish warehouse facility close to the end of the road. 

In this location, the Pool’s Cove Formation consists of boulder conglomerates, with strata dipping at about 30° 
to the southwest; aside from the tilting, deformation is absent. The boulders are mainly of plutonic composition and 
derived from the adjacent Neoproterozoic intrusive suites that were being eroded at that time. Elsewhere, the con-
glomerate also contains sedimentary, metamorphic, and volcanic cobbles, and also quartz clasts probably derived 
from vein materials. 

The deformation of the Pool’s Cove Formation is very heterogeneous and its attitude varies from nearly hori-
zontal to moderately- or steeply-dipping, due to upright folding. Foliations are locally developed, and deformation 
seems to increase in intensity adjacent to faults. 

Stop 2.5: Deformed (folded) rocks of the Chapel Island Formation 
(47°35'49.09" N, 55°30'40.14" W) 

From Stop 2.4, return from Pool’s Cove to the junction at Stop 2.2 (about 9 km), and continue on the road towards 
Belleoram for approximately 6.9 km. Outcrops on both sides of the road show rusty weathering. 

The sedimentary rocks mapped as part of late Ediacaran to Early Cambrian Chapel Island Formation by O’Bri-
en et al. (1995). These sedimentary rocks conformably overlie shallow marine sediments assigned to the Rencontre 
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Formation. Sedimentation was essentially continuous across the Precambrian-Cambrian boundary, as seen also on 
the southern part of the Burin Peninsula, across Fortune Bay. This outcrop comprises sandstones, siltstones and dark 
shales, which are complexly folded and locally cleaved (Plate 1). Along the coast, folding in this unit is associated 
with small thrust zones, and the development of broken formations (are these tectonic melanges?). The intensity of 
deformation in these older rocks is generally more intense and complex compared to the heterogeneous and local-
ized deformation observed in the Cinq Isles and Pool’s Cove formations. The outcrop suggests that the Chapel Is-
land Formation was subjected to a complex deformation involving folding and faulting, both of which are inferred to 
have occurred during the Early Devonian Acadian orogeny. The polarity and asymmetry of folds in these outcrops 
suggests that they are southeast-verging. 

Stop 2.6: Unconformity beneath the Great Bay de l’Eau Formation 
(47°27'42.51" N, 55°29'33.35" W) 

From Stop 2.5, continue south for 13 km on Route 362, and then turn right at the intersection. Continue on Route 
363 for 4.9 km, and then turn left at the junction for English Harbour West. After about 0.9 km, turn left again at the 
Stop sign, and continue for another 0.6 km. 

These outcrops show moderately to steeply south-dipping white quartzite assigned to the Cambrian Random 
Formation, which conformably overlies clastic sedimentary rocks assigned to the Chapel Island Formation. The 
Random quartzite in turn is overlain by red and green shale, mudstone and minor sandstone assigned to the Cham-
berlains Brook Formation. The Ediacaran to Cambrian succession is unconformably overlain by the gently south-

Plate 1 – F1 and F2 folding in rocks assigned to the Chapel Island Formation, along Route 
361 (Stop 2.5). 
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dipping Great Bay de l’Eau Formation (visible from the other side of the bay), which in turn is intruded by the Mid-
dle to Late Devonian Belleoram granite (O’Brien, 1998; see Plate 2). The relationships suggest that the Great Bay de 
l’Eau Formation is probably Middle to Upper Devonian in age, and probably was deposited during the last stages of 
the Acadian orogenic episode; the angular unconformity is inferred to mark the uplift and exhumation of Avalonia 
following the deformation induced during the main phase of the Acadian Orogeny. 

Stop 2.7: Belleoram Granite (47°30'43.33" N, 55°24'33.16" W) 

From Stop 2.6, return to Route 363, and drive back to the intersection with Route 362. Continue on Route 363 to-
wards Belleoram for about 6.2 km to roadside outcrops located high on a hillside above the water, with spectacular 
views across to Chapel Island. 

These outcrops are typical of the Belleoram Granite. In clear weather, the view across to Chapel Island reveals a 
cross-section through the roof zone of the granite, and granitic and composite mafic-felsic dykes cutting country 
rocks of the Chapel Island Formation. 

The Belleoram Granite represents one two Devonian granitoid intrusions in the area; the other is represented by 
the Middle Devonian (ca. 376 Ma) Old Woman Stock (see Stop 2.11). The two Devonian intrusions comprise 
equigranular grey to pink, quartz monzonite to granodiorite, and red feldspaphyric microgranite (O’Brien et al., 
1995). The Belleoram Granite is presently undated (work is in progress) but its age is constrained by the fact that it 
intrudes both the Chapel Island and Pool’s Cove formations. The Belleoram Granite is characterized by the wide-
spread presence of rounded, fine-grained mafic enclaves. By comparison with similar features described from many 
other granite plutons, such as the Fogo Island Intrusion, these are interpreted as frozen globules of coexisting mafic 

Plate 2 – Angular unconformity between Cambrian (Chapel Island and Chamberlain Brook formations) 
and Devonian sedimentary rocks of the Great Bay de l’Eau Formation at Blue Pinion Cove. 
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or hybrid magmas (e.g., Kerr, 2013). Nd isotope investigations of these inclusions and their host granites (Morrissey, 
1993; Kerr et al., 1995) show that they have the same signatures (ƐNd of around +2) indicating that the mafic and 
felsic magmas either had similar sources or that inclusions were isotopically homogenized with surrounding magma. 

Stop 2.8: Porphyritic phase of the Belleoram Granite (47°29'36.04" N, 55°27'45.10" W) 

From Stop 2.7, a short scenic excursion towards Belleoram may be possible; the views of this picturesque communi-
ty and the surrounding steep mountains are spectacular. Returning via Route 363, Stop 2.8 is a small quarry is lo-
cated on the left (south) of the road, approximately opposite the junction with Route 362. 

Optional stop that reveals a high-level porphyritic variant of the Belleoram Granite. 

Stop 2.9: The Boxey Trail Section (47°27'21.61" N, 55°32'35.38" W) 

From Stop 2.8, return to Route 363, and continue southwest for about 10 km, to the signpost for the “Boxey Trail”, 
which diverges to the left to access the shore along a small peninsula. The Stop contains two parts, accessed by a 
short hike. 

The first outcrop (Stop 2.9A; 47°26'49.84" N, 55°32'41.70" W) shows gently-dipping red conglomerates of the 
Great Bay de l’Eau Formation, which here dip gently to the southeast. The second outcrop (Stop 2.9B; 47°26'40.79" 
N, 55°32'58.98" W) shows complex intrusive relationships, where granitic dykes intrude the conglomerate. There 
are also basaltic units here, which are interpreted as sills; these are probably equivalent to basaltic volcanics that oc-
cur within higher parts of the Great Bay de l’Eau Formation (Williams, 1971; O’Brien, 1998). The granitic rocks are 
undated, but equated with the Belleoram Granite; the mafic sills and flows also remain undated. 

Stop 2.10: Acadian folding and thrusting of the Cinq Isles Formation at Wreck Cove 
(47°29'49.89" N, 55°36'31.89" W) 

From Stop 2.9, return to Route 363, and continue south for 5.5 km, and then turn right on the road to Wreck Cove. 
Drive for 4.5 km, then turn left just before Cox’s Grocery Store, and park by the wharf to walk along the shore. 

Gently-dipping sedimentary rocks of the Cinq Isles Formation, the oldest Devonian sedimentary unit in the ar-
ea, are here affected by a variety of structural complications. The Cinq Isles Formation is the oldest unit incorporat-
ing Devonian terrestrial and/or shallow marine sedimentary rocks (“Old Red Sandstone”) in the northern Fortune 
Bay area. It comprises red micaceous sandstone, quartz-pebble conglomerate, red mudstone and red and grey lime-
stone. The latter forms a distinctive part of this unit. The Cinq Isles Formation unconformably overlies the Simmons 
Brook intrusive suite west of Pool’s Cove. It is commonly more intensely and complexly deformed than the overly-
ing Middle-Upper (?) Devonian red beds, suggestive of an important Early-Middle Devonian (Acadian) unconformi-
ty within the Devonian sequence. The Cinq Isles Formation is interpreted as a foredeep molasse sequence that was 
deposited at a relatively early stage of the Acadian orogeny, as a result of the progressive tectonic loading of Avalo-
nia by Ganderian rocks. 
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Stop 2.11: Mineralization and alteration in the granite of the Old Woman Stock 
(47°35'37.84" N, 55°30'39.64" W) 

This stop is located 12.5 km north of the Route 362/Route 363 intersection, within a large area of quarries and grav-
el pits located on the right (east) side of Route 362. 

The outcrops consist of variably altered and bleached granite and quartz-feldspar porphyry, with localized fresh 
areas where original textures are well-preserved. The alteration includes abundant sericite, and is suspected to also 
include clay-mineral alteration such as kaolinite and dickite. Alteration of this type is typical of high-level mineral-
ized granites. Mineralization is sporadic at this locality, and consists of disseminated splashes of molybdenite and 
patches of interstitial fluorite; there is also widespread very-fine-grained pyrite in many areas. A larger molybdenite 
showing including both disseminated and vein-hosted molybdenite mineralization (Leonard’s Find) is located less 
than 1 km to the southwest, and several other molybdenite and fluorite indications are noted in the area. 

The Old Woman Stock was originally included with the Harbour Breton Granite, but was recognized as a dis-
crete younger unit by O’Brien (1998). The presence of narrow granite veinlets in the adjacent Pool’s Cove conglom-
erate in the northern part of the intrusion (O’Brien et al., 1995) and the presence of probable consanguineous por-
phyritic dikes at Stop 2.2 suggest that the pluton might extend much further to the northeast at depth. Kellett et al. 
(2014) report a U-Pb zircon age of 376 ± 3 Ma for the Old Woman Stock, which provides a younger age constraint 
for the Pool’s Cove Formation. Lynch et al. (2012) report a slightly older Re-Os molybdenite age of ca. 382 Ma for 
the nearby Leonard’s Find showing. 

This is the final stop for Day Two. From here, return to Route 360 and to Baie d’Espoir. 
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Day Three: Some miscellaneous outcrops along Route 360. 
The Stops for Day Three are of general interest, and two have connections to economic geology and mineral 

potential. Other Stops are of general geological interest for students. Locations for these stops are shown in Figure 7. 

Stop 3.1: Tungsten-bearing skarns and granite veins, Great Gull Lake area 
(48°16'31.12" N, 55°28'39.86" W) 

From Baie d’Espoir, return to Route 360, and turn north towards Bishops Falls and the Trans-Canada Highway. 
Drive northward for approximately 38.8 km, to a series of quarry pits located on the right (east) side of the road. If 
coming in the opposite direction, the location is about 2.4 km south of a gravel access road to a communication tow-
er, which branches off to the east about 8 km south of where Route 360 passes the shores of Little Gull Lake, These 
outcrops may be partially flooded and not fully accessible in all areas; participants should take care around steep 
slopes located above flooded areas. A general description of these outcrops is given in the Traveller’s Guide to the 
Geology of Newfoundland and Labrador (Colman-Sadd and Scott, 1994; Stop 46); this is augmented below. 

These outcrops are located in metasedimentary rocks of the Baie d’Espoir Group, which probably form part of 
the North Steady Pond Formation, dominated by grey-green shale, slate and sandstone, locally calcareous, and rusty-
weathering due to disseminated pyrite. Bedding in the sedimentary rocks here dips gently to moderately southwest, 
but in some areas appears steep, suggesting that folds are present. These sedimentary host rocks are partially re-
placed by massive white material dominated by carbonates and calc-silicates; these zones are quite striking and have 
a gneiss-like appearance in some areas, presumably because relict bedding is preserved as dark streaks. The replace-
ment zones contain disseminated pyrrhotite bands, and also a pale green mineral that resembles malachite (but may 
not be). Locally, they contain clinopyroxene, garnet and the tungsten-bearing mineral scheelite (CaWO4). Scheelite 
is difficult to identify on the basis of appearance, and is commonly present in small amounts; its best diagnostic 
property is blue fluorescence under short-wave UV light, which we will not be able to demonstrate. The outcrop is 
cut by numerous veins of texturally variable muscovite-bearing granite, pegmatite and aplite, and surrounding out-
crops also contain numerous quartz veins. Some of the quartz veins are also reported to contain scheelite, and one 
loose sample of vein material examined by A. Kerr in 2009 contained a black mineral thought to be the similar min-
eral wolframite ((Fe,Mn)WO4). No detailed mineralogical, petrological or geochemical work has ever been conduct-
ed on these occurrences, but they would make an excellent undergraduate thesis topic for the right individual. 

These zones are believed to be skarns, developed through the interaction of hydrothermal fluids from nearby 
granitoid intrusions with calcareous and pyritiferous rocks of the Baie d’Espoir Group. They have been explored on 
a limited scale (see Kerr et al., 2009, for a review and references), but both channel sampling and three reconnais-
sance drill holes yielded only sporadic low-grade material, forming multiple narrow zones (typically a few cm thick) 
containing < 1 % WO4. The best intersection was 0.2 m of 2.7 % WO4. The drill core has not been examined or sam-
pled, but descriptions suggest that scheelite is not always present in altered material. The granite and pegmatite veins 
that are common in these outcrops are interpreted to indicate the presence of an underlying intrusion, perhaps part of 
the Middle Ridge Granite, an extensive leucogranite body that has given an early Devonian U-Pb monazite age (410 
± 3 Ma; R. Tucker, quoted by Kerr (1997). The mineralization known in this area likely has no economic potential, 
but it represents the only skarn-type granophile mineralization yet reported in Newfoundland; the surrounding areas 
may have potential for further exploration, given interest in tungsten as a commodity. 
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Stop 3.2: Chromite and magnesite in the Great Bend Ophiolite (48°32'54.16" N, 55°29'43.30" W) 

From Stop 3.1, continue 33.3 km northward, to the area of the Great Bend ophiolite (also visited on Day One). This 
stop is located a short distance (0.8 km) south of the large quarry visited at Stop 1.1, close to an open area located 
on the right (east) side of the road. An abandoned road leads to a smaller quarry, a few hundred metres from the 
road. It is described by Colman-Sadd and Swinden (1983; Stop 15) and Colman-Sadd and Scott (1994; Stop 45). 

The ultramafic rocks in this area lie close to the transition into gabbroic rocks exposed to the south, and have 
been pervasively altered to magnesite (MgCO3), which is associated with white quartz. The magnesite weathers 
brown, but is white on fresh surfaces. Magnesite-rich zones occur in other Newfoundland ophiolites at approximate-
ly the same stratigraphic level, between the ultramafic rocks and overlying gabbroic material. The outcrops also con-
tain chromite pods, which appear to have resisted the alteration that generated the magnesite. This area has been in-
vestigated for its potential as a magnesium source, but appears to be too small as presently defined. Information on 
previous work is contained in MODS file 002D/11/Mg008 and Kean (1974). 

Stop 3.3: Sedimentary structures in the Botwood Group (48°58'26.21" N, 55°29'39.07" W) 

From Stop 3.2, continue 51.8 km north on Route 360, back into rocks of the Dunnage Zone (Exploits Subzone).  

These roadside outcrops are red and green sandstones of the Silurian Botwood Group. They display well-
developed ripple marks and locally have bedding surfaces that display mud cracks suggesting periodic desiccation. 
The description is taken from Colman-Sadd and Swinden (1983). 

From Bishop’s Falls, the field trip returns to Gander and St. John’s. 
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Identifying new vectors to hidden porphyry-
style mineralisation 

N. Rogers1, A. Plouffe1, J.B. Chapman2, M.B. McClenaghan1, D.A. Kellett1 and R.A. Anderson2 
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2. Geological Survey of Canada, 605 Robson St., Vancouver, British Columbia 

 

Abstract: Intrusion related (e.g., porphyry) deposits are the most important sources for Cu, Mo, W and Sn, along 
with Au, Ag, and PGEs. Porphyry deposits are large, low- to medium-grade deposits in which mineralisation is 
hosted within and immediately surrounding distinctive intrusive phases within larger intrusive complexes that 
commonly have prolonged emplacement histories. To develop more effective exploration criteria to identify and 
evaluate deeply buried and/or hidden fertile intrusive mineralizing systems, studies into Cu-Mo/Au and W-Mo-Sn 
systems are aimed at answering the following questions: i) Are there distinctive proximal and distal footprints for 
each deposit type that will allow identification of, and vectoring towards hidden economic deposits?; ii) Is there 
evidence of fertility within the root system of intrusions, i.e. what are the triggering conditions and indicators of an 
hydrothermal-magmatic system of size and duration sufficient to develop a large porphyry deposit? To help answer 
these questions studies are being undertaken at sites associated with the Triassic-Jurassic porphyry deposits of the 
British Columbia interior and for the array of mineralised Canadian Appalachian Siluro-Devonian intrusions, for 
which the fundamental geoscience knowledge is often lacking. 

A common problem facing Cordilleran and Appalachian exploration is how to detect intrusion-related 
mineralization through the extensive glacial sediment cover. Consequently, research activities are focussing at 
identifying key geochemical and mineral indicators in till near known mineralization and their detrital dispersal 
down-ice. Indicators are being developed for the detection of mineralization, but also the alteration halos and vein 
systems associated with mineralization, which represent much larger exploration targets than the actual economic 
orebody itself. Once identified in till, these indicators can be traced to their bedrock source using reconstructed ice 
movement vectors. 

Structural relationships indicate that Sn-W-Mo mineralised intrusive systems can form due to extension associated 
with far removed non-orthogonal accretion. Deposits within these bodies form along fluid pathways such as the 
intersection of high-angle syntectonic breaks. Mineral potential can also be resolved through trace element 
fingerprinting. Subtle compositional changes in commonly occurring minerals (i.e., biotite) and fluid inclusions 
provide evidence of chemical variations related to magma fertility and vectors to mineralisation. 
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Glacial stratigraphic, till geochemical, and indicator 
mineral studies at the Sisson W-Mo and Mount Pleasant 

Sn-W-Mo-Bi-In polymetallic deposits, 
southwestern New Brunswick 

M.A. Parkhill1, M.B. McClenaghan2, A.A. Seaman3, A.G. Pronk3 and J.M. Rice4 
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4. Department of Earth Sciences, Brock University, 500 Glenridge Ave., St. Catharines, Ontario 

Abstract: During the Geological Survey of Canada‘s (GSC) Targeted Geoscience Initiative (TGI 4; 2010-2015), 
GSC and the New Brunswick Department of Energy and Mines (NBDEM) conducted indicator mineral case studies 
around the Sisson W-Mo and the Mount Pleasant Sn-W-Mo-Bi-In polymetallic deposits in New Brunswick. The 
objective is to document glacial dispersal patterns of W, Mo, Sn, and In-bearing indicator minerals and matrix geo-
chemical signatures in till at varying distances down-ice of the deposits, in support of exploration in New Bruns-
wick and other glaciated terrains. This is the first study to document glacial dispersal of W-bearing minerals around 
a significant W deposit. 

At Sisson, 3 tills are present: Illinoian Northumberland till, Early-Middle Wisconsinan Caledonia till, and the geo-
chemically barren, Younger Dryas, Collins Pond till. This presented sampling challenges as the tills are deposited 
by ice flows from different source areas and are geochemically distinct but not easy to distinguish. At Sisson, 79 
bulk till samples were collected up-ice, overlying, and up to 14 km down-ice (SE) of the deposit. The distribution of 
sample sites was guided by previous sampling by Kidd Creek Mines and the NBDEM. Stream water, silt, and bulk 
samples were collected at 16 sites at Sisson to characterize scheelite abundance, size, and shape for comparison 
with grains in the till. At the Adex-owned Mount Pleasant deposit, 22 bulk till samples were collected. Here, sam-
pling was guided by previous work conducted by N. Szabo (University of New Brunswick) and the NBDEM. 

Till sampling was optimized by first collecting 200 g till samples (61 at Sisson and 50 at Mount Pleasant) and deter-
mination of W, Mo, Sn, Bi, Sn, and Cu concentrations, using a portable XRF (pXRF) spectrometer. At Sisson, 
anomalous pXRF concentrations match previously known NBDEM anomalies in the glacial dispersal train extend-
ing 14 km to the SE, and correlate well with subsequent borate fusion and aqua regia/ICP-MS analyses of the 
<0.063 mm fraction of till (up to 815 ppm W, 65 ppm Mo, and 978 ppm Cu). Till, stream, and a suite of bedrock 
samples have been processed to produce heavy mineral concentrates for assessment of indicator minerals and to 
characterize the indicator mineral signature of each deposit. Scheelite is abundant in both deposits, and a significant 
indicator mineral in till down-ice. Other indicator minerals of the Sisson deposit include molybdenite, chalcopyrite, 
wolframite, Bi minerals, sphalerite, and galena. Cassiterite, topaz, beudantite, anglesite, and wolframite are indica-
tors of the Mount Pleasant deposit. 

 

Originally presented Fredericton 2014: Geological Association of Canada - Mineralogical Association of Canada Joint Annual Meeting, 
Special Session 3: Discovering the Next Generation of Porphyry Deposits: Advancements in Locating and Understanding Hidden Intrusion-
related Mineralization. May 21, 2014. 



Parkhill et al., 2015 

294 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

295 



Parkhill et al., 2015 

296 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

297 



Parkhill et al., 2015 

298 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

299 



Parkhill et al., 2015 

300 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

301 



Parkhill et al., 2015 

302 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

303 



Parkhill et al., 2015 

304 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

305 



Parkhill et al., 2015 

306 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

307 



Parkhill et al., 2015 

308 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

309 



Parkhill et al., 2015 

310 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

311 



Parkhill et al., 2015 

312 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

313 



Parkhill et al., 2015 

314 



Glacial stratigraphic, till geochemical, and indicator mineral studies 

315 



Parkhill et al., 2015 

316 



—————— 
Corresponding author: Rémy S. Poulin (RY_Poulin@laurentian.ca) 
Poulin, R.S., McDonald, A.M., Kontak, D.J., and McClenaghan, M.B., 2015. Scheelite geochemical signatures and potential for fingerprinting ore deposits; in 

TGI 4 – Intrusion Related Mineralisation Project: New Vectors to Buried Porphyry-Style Mineralisation, (ed.) N. Rogers; Geological Survey of Canada, Open 
File 7843, p. 317-326. 

317 

TGI 4 – Intrusion Related Mineralisation: Appendix II 

Scheelite geochemical signatures and potential for 
fingerprinting ore deposits 

R.S. Poulin1, A.M. McDonald1, D.J. Kontak1 and M.B. McClenaghan2 
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Abstract: Scheelite (CaWO4) is a common accessory mineral found in a variety of geologically diverse ore-deposit 
settings, including vein/stockwork, skarn, porphyry, epithermal and strata-bound. As part of the Geological Survey 
of Canada‘s (GSC) Targeted Geoscience Initiative (TGI 4) program, the project reported on here was developed to 
investigate the potential for discriminating scheelite originating from different ore-deposit types. The study investi-
gated whether crystal-chemical features of scheelite, such as cathodoluminescence (CL), trace-element chemistry, 
and isotopic signature (O), could be used independently or together as deposit-type discriminators, thereby as-
sessing the feasibility of using scheelite for provenance studies in regional till-sampling programs. Here we report 
on the geochemical data obtained using the LA ICP-MS method on scheelite to see if it could be used to geochemi-
cally fingerprint its environment of formation. The samples used come from the granite-related, world-class Sisson 
W-Mo porphyry-type deposit, NB, along with forty-one scheelite samples from a range of deposit types that consti-
tuted the suite used in the broader crystal-chemical study. The protocol used was twofold: (1) collect data using line 
traverses and integrate the data over intervals showing uniform chemistry; and (2) generate element maps for a 
select few scheelite grains which displayed complex zoning patterns revealed through CL imaging. Despite using 
an extensive element list (e.g., LILEs, alkalies, transition metals, HFSEs), only Mo, As and the REEs, which follow 
crystal growth patterns, showed significant levels of elemental enrichment (i.e., > 1.0 ppm). The correlation of As 
and Mo indicate only a small intra-deposit variance, but the large inter-deposit variation offers the potential to use 
this element pair to discriminate deposit types. The results for the REEs indicate: (1) a lack of apparent correlation 
between REEs and the type of CL observed despite previous suggestions to the contrary; (2) considerable variation 
in the ∑REEs amongst the sample suite used; (3) most samples are dominated by a single chondrite-normalized 
(CN) pattern, but rarely a second pattern is present; although the type of CN REE patterns vary (e.g., convex 
MREE, LREE enrichment), there is a similarity among deposit types; and 5) both positive and negative Eu anoma-
lies are observed. These initial results suggest that the minor and trace-element chemistry of scheelite along with 
CL imaging, may offer the potential to discriminate and identify deposit types based on its geochemical  
fingerprinting. 
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Abstract: The Sisson deposit is a Late Devonian, structurally-controlled, intrusion-related W-Mo deposit located in 
west-central New Brunswick. Resources are estimated at 383 Mt grading 0.067 % WO3 and 0.021 % Mo 
(measured/indicated) and 178 Mt grading 0.051 % WO3 and 0.021 % Mo (inferred). Host rocks to Sisson include 
quartz diorite and gabbro phases (432 Ma; U-Pb on titanite) of the Howard Peak intrusion on the west, which are in 
fault contact across the vertical, north-trending Sisson shear zone with north-northwest-striking, steeply east-
dipping metavolcanic and metasedimentary rocks of the Cambrian to Ordovician Tetagouche and Miramichi 
Groups on the east. Re-Os dates of ca. 378 Ma on molybdenite overlap U-Pb dates on zircon from narrow granite 
dykes within the deposit, which are likely related to the Late Devonian Nashwaak Granite batholith located imme-
diately northwest of the deposit. The deposit is cut by narrow, undeformed, barren granite porphyry dykes dated at 
ca. 364 Ma (U-Pb on zircon). 

The Sisson deposit obliquely straddles the Sisson shear zone. Hydrothermal activity comprises: (1) early, weakly to 
unmineralized amphibole veinlets with albite alteration envelopes and small, erratically-distributed zones of bio-
tite±pyrite alteration; (2) quartz- scheelite veinlets with biotite envelopes; (3) quartz-molybdenite±scheelite veinlets 
with sericite envelopes; (4) mostly late but possibly long-lived, larger and more continuous, polymetallic quartz-
shear veins with broad sericite envelopes and associated sulphide-rich veinlets, which also introduced minor Cu, Bi, 
Sb, As, Pb and Zn to the deposit; and (5) rare endoskarn with scheelite mineralization of uncertain timing in narrow 
granite dykes intersected only at depths of >400 metres. Alteration is mostly restricted to the envelopes which en-
close veinlets. Scheelite mineralization occurs primarily in quartz veinlets and their alteration envelopes, molybde-
nite is restricted to quartz veinlets, and minor ferberitic wolframite, mostly replaced by scheelite, occurs in some 
quartz-scheelite veinlets and in most quartz-shear veins. 

Veins throughout the deposit form a sheeted array with consistent northwest strike and steep to moderate southwest 
dips. The nature and geometry of the vein sets are most compatible with formation during crustal extension, which 
was synchronous with sinistral, syn-hydrothermal displacement across the north-trending Sisson shear zone. The 
structural plumbing system focused ascent of W-mineralizing fluids from intrusions at depth, the presence of which 
is indicated by syn-hydrothermal granite dykes within the deposit. Precipitation of W and Mo mineralization result-
ed from chemical interactions between hydrothermal fluids and wall rock at a low fluid to rock ratio, and from 
changes in sulphur and oxygen fugacity.  
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Petrologic and geochemical examination of the Early 
Devonian, Evandale porphyry Cu-Mo-(Au) deposit, 

southern New Brunswick: Geothermobarometric 
analysis of petrogenesis  

T. White, D.R. Lentz and C.R.M. McFarlane 
University of New Brunswick, Fredericton, New Brunswick 

Abstract: Porphyry Cu-Mo-(Au) systems associated with the granitoid rocks in eastern North American orogenic 
belts have been researched using current deposit models; however, relatively few studies have examined the poten-
tial for late stage fine-grained porphyritic to aplitic intrusive phases being host to mineralization. The Evandale 
Granodiorite is an example of a well- preserved Mid-Devonian (U-Pb zircon age of 391.2 ± 3.2 Ma for the coarser 
granitoid, and 390.2 ± 1.6 Ma for the aplite) polyphase pluton intruding through deformed Silurian sedimentary and 
mafic volcanic rocks of the Mascarene Basin in southern New Brunswick. The two intrusive phases have been iden-
tified as I type granites with a minor sedimentary component. The pluton is separated both petrochemically and 
texturally into two distinct phases. The coarser phase ranges from medium- to coarse-grained seriate to porphyritic 
granodiorite to monzogranite and the later finer stage layered aplite ranges from a monzogranite to syeno-granite. 
INAA analysis of each phase found that the highest concentrations of Cu and Au (108 ppm Cu, and 33 ppb Au) are 
associated with pyrite, chalcopyrite, and arsenopyrite within the aplitic dykes sampled, whereas concentrations of 
up to 6 ppm Mo were detected within the c.g. granite. Current models suggest that the transport of metals 
(particularly Cu and Au) are sourced from secondary two-phase fluids at shallow depths (approximately 2 kb), and 
is controlled primarily by Cl fugacity of the magma. Analyses of biotite phenocrysts from both the aplite and gran-
ite contain an average of 0.21 wt% Cl, which is similar to other high grade Cu-Mo-(Au) porphyry deposits. Average 
zircon saturation temperatures were calculated to be 818°C for the aplite and 787°C for the granitoid. Average apa-
tite saturation temperatures were found to be 880°C for the aplite and 934°C for the granitoid phase. Hornblende-
plagioclase thermometry revealed the crystallization temperature of the granite to be 642°C and 600°C for the ap-
lite, cooler than most deposits of the same type. Al in hornblende geobarometery indicates crystallization depths of 
~2.1 kb for hornblende in the aplite and ~0.7 kb for the c.g. granite. The aplitic dykes were subject to higher crystal-
lization pressures and lower crystallization temperatures suggesting that their formation may either be a result of 
pressure quenching of the melt during rapid ascent or by the sub-solidus recrystallization of the melt as pyroclastic 
flows. 
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Fluid inclusion and stable isotope evidence for mixing 
of magmatic – hydrothermal fluids with meteoric water 

in vein-type Cu-Au-Bi deposits, southern 
New Brunswick, Canada 

J.J. Hanley1, F. Tweedale1, K. Neyedley1, R. Sharpe2 and M. Fayek2 
1. Department of Geology, Saint Mary's University, 923 Robie Street, Halifax, Nova Scotia 

2. Department of Geological Sciences, University of Manitoba, 125 Dysart Road, Winnipeg, Manitoba 

Abstract: Vein-type Cu-Au-Ag-Bi mineralization in the Caledonian Highlands, southern NB, Canada, is hosted 
within quartz-carbonate-rich shear zones cutting felsic lithic tuffs, intermediate intrusives and interbedded felsic 
and mafic flows of the Neoproterozoic Broad River Group. Mineralization in the veins consists of bornite-
chalcocite-hematite, coprecipitated with electrum and bismuthinite; ore minerals post-date quartz and REE-rich 
carbonates in the veins, with later supergene oxidation and hydration of the ores to cuprite-malachite. Wall-rock 
alteration is characterized by albitization and paragonitization. Replacement of bornite by chalcocite- hematite indi-
cates changes in fluid redox with mineralization progression. 

Trails of secondary fluid inclusions in the quartz veins are two-phase liquid-vapour at room temperature. Homoge-
nization occurs by vapour bubble disappearance between 150-270°C for all assemblages; individual assemblages 
show relatively narrow ranges (e.g., 173-191°C, n=22). Bulk salinities from final ice melting range from 4 to 13 
wt% NaCl eq. with individual assemblages showing similarly narrow ranges. 

Stable isotope data (bulk separates, and in-situ by secondary ion mass spectrometry [SIMS]) for vein-stage quartz 
(δ18Obulk = 13.7-15.1‰; δ18OSIMS-qtz = 10.8±1.5‰, 1ζ, n=32) and carbonate (δ13Cbulk = -4.4 to -4.6 ‰) com-
bined with microthermometric data rule out unmodified, heated seawater and meteoric water as the dominant fluid 
components, and suggest that the metal-bearing fluids were magmatic in origin or represented saline formation 
waters modified through fluid-rock interaction with the host volcanic rocks (calculated δ18Ofluid ~ 6-7 ‰). Howev-
er, significant variations in δ18OSIMS-qtz are observed within single quartz crystals across growth zones and in 
massive quartz texturally predating sulfides and gold (from as low as 8.2 ‰ to 14.8 ‰ in quartz enclosed entirely 
within bornite-chalcocite). This indicates either (i) localized mixing of the metal-bearing fluid with low latitude 
meteoric water (calculated δ18O = -1.0 to 0 ‰), or (ii) fluctuations in fluid temperature during vein formation, with 
the lowest T portions of the vein associated with base metal-gold precipitation, or (iii) both. The isotopic composi-
tion of coeval quartz-carbonate predict a crystallization/final equilibration T of vein-stage at ~250- 270°C; if inclu-
sions are primary, then a maximum Ptrapping = ~1.5 kbar, based on the lowest T assemblages, is estimated. 

Significant fluctuations in ʄO2, fluid temperature or fluid composition during vein precipitation highlight the im-
portance of fluid mixing for mineralization. These characteristics, combined with the style of mineralization, link 
these deposits in NB genetically to much larger vein Cu deposits worldwide (e.g., Churchill, Davis-Keays, and 
Mamainse Point, Canada; Inyati, Zimbabwe; Copper Hills, Australia; Messina, South Africa; Cornwall, UK).  
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of quartz-hosted fluid inclusions: Applications to assess 

metal fertility in granites  
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1. Saint Mary's University, 923 Robie St., Halifax, Nova Scotia 
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Abstract: The 380 Ma South Mountain Batholith (SMB), Nova Scotia, is a large (~7300 km2), contiguous, meso-
zonal granitoid intrusion consisting of 13 coalesced plutons hosting a variety of mineralized zones (e.g., Sn-Zn-Cu-
Ag, Mn-Fe-P, U, Cu-Ag). Given the hydrothermal nature of this mineralization, it is expected that a geochemical 
fingerprint of the mineralizing fluids might be preserved both petrographically and as secondary fluid inclusions 
(FIs) in the granites on a scale equal to or larger than the mineralized zones. In this unique study, we investigate the 
possibility of integrating petrographic observations that reflect fluid:rock interaction and the chemistry of second-
ary, quartz-hosted FIs in samples from the SMB to assess granite fertility and also the scale of this potential vector-
ing tool. The protocol involved: (1) detailed petrographic study of >500 archived samples and focused on the extent 
and degree of alteration (e.g., perthite textures, chlorite alteration of biotite, plagioclase alteration, percent of sec-
ondary muscovite, abundance of FI in quartz); and (2) determining fluid chemistry of quartz- hosted FIs in >100 
samples collected from a 10 × 10 km grid superimposed on the SMB. The petrographic data record highly variable 
degrees of alteration and the results are being used to design an alteration algorithm that can be used to map the 
extent of fluid:rock interaction throughout the batholith. The chemistry of FIs, determined using the evaporate 
mound method, is being used as a proxy for both the mineralizing and altering fluids. At present, results for >600 
mounds determined for 68 samples indicate the fluids are dominated by Na-K-Ca-Cl-F, with traces of Fe, Mn, and 
S, and that two distinct types are present, one Na-rich and the other Ca-rich. Two intriguing results to date include: 
(1) the pervasive occurrence of F in the mound analysis with up to 40 wt% when normalized to 100%, even in sam-
ples distal to known mineralization; and (2) elevated Ca in many samples, including those from chemically evolved, 
hence Ca-depleted rocks. This latter feature may reflect extensive albitization of plagioclase, hence liberation of Ca, 
during fluid-mediated alteration. Thus, our preliminary findings clearly indicate that mappable variation in the de-
gree and extent of alteration is retained in the main mineral phases of the granites and that fluid chemistry, pre-
served as secondary FIs in quartz, is a potential proxy for fluid:rock interaction and hence a measure of metal fertil-
ity.  
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The south Newfoundland granophile mineral district: 
Features and opportunities for research on blind deposits  

A. Kerr 

St. John’s, Newfoundland and Labrador 

Abstract: The south coast of the island of Newfoundland is a diverse and potentially important district of grano-
phile mineral deposits, in which several mineralized intrusive complexes span contrasting tectonostratigraphic 
zones of the Appalachian Orogen. In addition to molybdenum and tungsten deposits that represent potential produc-
ers, the district includes one of the world's largest producing fluorspar deposits, at St. Lawrence. The settings of 
mineral deposits vary, as do their associated commodities, but there is a common magmatic thread throughout the 
district. All major deposits are associated with evolved, alkali-calcic, siliceous granitoid rocks emplaced within a 
short time interval from ca. 388 Ma to ca. 375 Ma. Coherent U-Pb and Re-Os geochronology links these deposits to 
spatially associated plutons, even where direct physical connections are lacking. There are common geochemical 
themes that link prospective magmas, but these are not always easily visible through the geochemical and isotopic 
diversity connected to the contrasts in basement terranes along the belt. There is a dire need for other types of diag-
nostic data (e.g., Pb isotopes, accessory mineral chemistry) that can better unravel the respective contributions of 
magma sources, contaminants and fractionation histories to regional prospectivity. 

There are contrasts in the erosional levels revealed in individual complexes, from endocontact disseminated miner-
alization in high-level granites, to sheeted vein complexes and related hydrothermal lodes associated with hidden 
subsurface plutons. The Grey River - Moly Brook area provides the best example of the latter setting, and has all of 
the expected characteristics of a large zoned hydrothermal system. This area is of particular interest in the context 
of exploring such blind systems, because high-resolution geophysical data provide potential 3D information to aug-
ment the direct data from drilling. Exploring for targets associated with hidden intrusions is never going to be easy, 
so examples such as this, for which multiple data sets exist, are obvious priorities for expanded research.  
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Mineralogy and chemistry of tourmaline in the Woodjam 
porphyry deposits, British Columbia 

J.B. Chapman 
Geological Survey of Canada, 605 Robson Street, Vancouver, British Columbia 

Abstract: Tourmaline is a common accessory and gangue mineral in a diverse range of hydrothermal ore-forming 
systems covering a broad spectrum of pressure, temperature and chemical conditions, reflecting tourmaline‘s wide 
stability range. Previous studies, dating back into the 1960s, have shown that tourmaline can very closely track 
changes in physicochemical conditions within the fluid from which it is precipitated. Tourmaline‘s refractory and 
resistant physical properties mean that the mineral is able to preserve this information through numerous subsequent 
phases of metamorphism, alteration and weathering; in many cases tourmaline may be the only robust remaining 
record of original hydrothermal processes. Although tourmaline‘s utility in mineral exploration has been demon-
strated, very few studies have attempted to measure concentrations of the ore metals themselves. In general, these 
limitations have been imposed by the common use of EPMA alone to interrogate mineral chemistry at high spatial 
resolution. 

In many porphyry-related deposits of the South American Cordillera, tourmaline occurrences are abundant and 
extensive, and have attracted much interest for use during mineral deposit exploration. However, owing to various 
factors including differences in their tectonic settings and magma chemistries, porphyry-related deposits of the Ca-
nadian Cordillera rarely report significant tourmaline among their mineral inventory. Consequently, studies of tour-
maline associated with Canadian deposits are limited, and almost no data exist on tourmaline occurrences associat-
ed with alkalic or hybrid alkalic - calc-alkalic systems. In this study we report mineralogical and LA-ICP-MS trace 
element analyses of tourmaline minerals from within the hybrid alkalic and calc-alkalic Woodjam porphyry Cu-Au 
deposits of central British Columbia. These minerals display significant variation in both their major and trace ele-
ment compositions, reflecting both temporal and spatial evolution of the magmatic- hydrothermal fluids from which 
the deposit formed. Tourmaline associated with high-temperature potassic alteration has greater schorl (i.e., Fe-rich) 
component and trace element abundances characteristic of the core of a porphyry hydrothermal system, while tour-
maline recovered in association with distal, lower-temperature, albite-rich alteration has an increased dravitic (i.e., 
Mg-rich) component and a distinct trace element suite. Tourmaline recovered in intimate association with chalcopy-
rite mineralization has a pronounced blue colour and increased copper content. Hence, within the Woodjam and 
other similar deposits it may be possible to use tourmaline mineralogy and chemistry as a vector to mineralization. 
In addition, careful analysis of tourmaline recovered from surficial samples (till, soil, etc.) may provide detailed 
information on the type and abundance of any concealed mineralized body.  
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Abstract: The Cantung mine is a world-class W-skarn deposit; it is located just east of the Yukon border in the 
Selwyn Mountain Range of the Northwest Territories. The deposit area is within the southern extent of the 
polymetallic Tintina Gold Belt, which has many notable intrusion-related Au deposits. The extensive W skarns at 
Cantung were developed by hydrothermal fluids that, based on earlier research, were determined to be predominate-
ly supercritical magmatic brines with homogenization temperatures ranging from 270-500°C. Mineralization is 
composed of calcic exoskarn replacement of a clean limestone and lower grade replacements in a calc- silicate/chert 
unit; these occur in both the operating open pit and underground mine (the E Zone). The main sulphide identified 
petrographically is pyrrhotite, which is abundant in all skarn facies. Scheelite and chalcopyrite are dominant and 
there is locally abundant sphalerite. Native Bi exhibits textures indicative of forming later than the silicate assem-
blage in the paragenetic sequence, and it is decorated by bismuthinite, Bi tellurides, Ag tellurides, and Bi selenides. 
Tungsten and Cu are the main mine products, but the Au potential of the deposit merits further investigation. 

This study characterized the distribution, mineralogy, and petrogenesis of Au mineralization by examining five 
skarn samples with bulk rock Au assay values >0.5 ppm taken from the E Zone. No free gold or electrum were 
identified petrographically or by SEM and FEG- SEM analyses. A positive correlation (Spearman‘s Rank, r‘) of Au 
with Bi (0.76), Ag (0.70), Fe (0.64), Cu (0.64), and Mo (0.60) was identified using the bulk rock geochemical data 
(n = 48). The strong correlation between Bi and Au is suggestive of a liquid bismuth collector mechanism for Au 
enrichment. However, LA ICP-MS analysis of native Bi and Bi alloys failed to reveal significant Au predicted by 
the liquid bismuth collector model. In contrast, the highest Au concentration was encountered in hessite (Ag2Te) 
and other tellurides. Nano-inclusions within chalcopyrite and silicate minerals were also investigated using FEG-
SEM for their Au content, but their composition consisted of native Bi. The decoration of native Bi by bismuthinite, 
Bi tellurides, Ag tellurides, and Bi selenides provides evidence for a late stage S-, Ag-, and Te-rich fluid. This fluid 
is thought to have remobilized the Au and deposited it as lattice bound invisible Au within the tellurides. This new 
data constrains Au exploration targets at Cantung to areas of altered skarn or where there is a presence of telluride 
minerals  
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Abstract: The association of hydrothermal alteration and gold mineralization with Archean porphyric felsic dykes 
swarms is a well-known feature. Examples are abundant in the Abitibi greenstone belt, such as Fenn-Gibbs or La-
maque. It has been frequently observed by the authors, in the course of routine petrographic work, that feldspar 
phenocrysts from such dykes ("FP" or "QFP") are monoclinic sanidine or anorthoclase, rather than the more usual 
orthoclase. It is estimated that about 50 % of the "QFP" occurrences are apparently sanidine bearing, suggesting an 
underlying process. Preservation of the high temperature structure of feldspar requires rapid heat dissipation in 
order to avoid inversion to triclinic feldspar or perthite. In hypabyssal or mesozonal conditions, it requires abundant 
fluids percolation. Such fluid inflow necessitates permeability, likely by fracturation, as indicated by the coeval 
pervasive sericite dominated hydrothermal alteration invading in the wallrock of the dyke swarm. Porphyritic felsit-
ic dykes can be seen as the uppermost expression of larger magmatic chambers, linking it with the eruptive complex 
Superheating evidences are abundant, such as phenocrysts resorbtion, similar to what is commonly seen in rhyolite 
and dacite. 

Feldspars, under magmatic conditions, are monoclinic and form a complete solid solution between albite and or-
those. Their inversion into triclinic structure occurs at about 700°C, where microcline and albite end-members 
exsolve into perthites. Orthose can preserve pseudomonoclinic structure and variable obliquity. The magnitude of 
this obliquity is potentially related to the cooling history of the intrusion, and is envisaged as a proxy of the cooling 
gradient. 

Recognizing sanidine or anorthoclase from orthoclase can be done under the petrographic microscope, while accu-
rate measurement of obliquity needs time-consuming 5- axis Federov's stage manipulations. The relation between 
optical obliquity and d_(13 1) - d_131 spacing by XRD are under evaluation, as well is the development of more 
efficient procedures. The effectiveness of the method is currently tested on a well-documented mineralized system 
at Osisko's Canadian Malartic deposit. In the event the premise works, it may provide a new tool to test the fertility 
of porphyritic intrusions. 
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Chemical fingerprinting of the Archean Côté Gold deposit: 
A large-tonnage, low-grade intrusion-related deposit 

system, Ontario, Canada 

L.R. Katz1, D.J. Kontak1, B. Dubé2 and J.R. Rogers3 

1. Laurentian University, Sudbury, Ontario 
2. Geological Survey of Canada, 490 rue de la Couronne, Québec, Quebec 

3. IAMGOLD Corporation, 401 Bay Street, Toronto, Ontario  
 

Abstract: The Côté Gold intrusion-related Au (-Cu) deposit, in the Archean Swayze greenstone belt of the Abitibi 
Subprovince, is a large-tonnage, low-grade deposit hosted by ca. 2741 Ma tonalite and diorite of the Chester intru-
sive complex which formed in a high-level sub-volcanic setting. The deposit contains a resource (indicated + in-
ferred) of 8.3 M oz Au that is centered on a magmatic-hydrothermal breccia. Mineralisation occurs as dissemina-
tions or is associated with quartz ± carbonate vein arrays, and is broadly coincident with biotite, silica-sodic and 
sericite alteration zones. Lithogeochemical and petrographic/SEM-EDS studies (>600 samples) across the deposit 
are used to assess the petrogenesis of the magmatic host rocks, distinguish between magmatic versus hydrothermal 
breccia, differentiate alteration types, determine the precursor rock where alteration is most intense, and chemically 
fingerprint the deposit. Preliminary observations indicate the following: (1) the tonalite suite is characterised by 
unfractionated CN REE patterns and reflects melt generation in a low-P regime; (2) protolith rocks are best discrim-
inated using CaO, TiO2 and Zr/TiO2; (3) the magmatic-hydrothermal breccia is characterised by an Au-Cu-F-Te-Zn 
association; (4) biotite alteration, often with intergrowth of chalcopyrite, is characterised by Ba and LREE enrich-
ment often accompanied by the presence of allanite-euxenite-bastnaesite; (5) zones of intense sodic alteration, up to 
40 m thick and approaching 10 wt% Na2O are characterised by a red-pink colour and a vuggy texture due to quartz 
dissolution. In thin section albite is pitted, contains abundant fluid inclusions and is mantled by clear albite. These 
rocks are considered to be episyenites; (6) sericite alteration zones, up to 150 m and cutting silica-sodic alteration, 
are characterised by an F ± Au ± Cu association; and (7) the chemistry of biotite in the breccia unit shows a reversal 
in Mg# after fractionation from diorite to tonalite (i.e., decreasing Mg#) which may indicate either injection of a 
new primitive melt or an oxidation-sensitive event coincident with formation of the breccia. Many of the features of 
the Côté Gold deposit suggest derivation of mineralisation and alteration by the flux of high-temperature fluids 
enriched in K, Fe, F, LREE, CO2, and Ba, in addition to Au, Te and Cu. The association of Au-Cu mineralisation 
with a magmatic-hydrothermal breccia and a chemical signature that is atypical for Archean orogenic-type gold 
deposits indicates a possible affinity with a spatially and temporally related intrusive centre. 

 

Originally presented Fredericton 2014: Geological Association of Canada - Mineralogical Association of Canada Joint Annual Meeting, 
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granodiorite, New Brunswick, as a case study for 

W-Mo-Au-Sb mineralized magmatic hydrothermal systems 

Z. Azadbakht, D.R. Lentz and C.R.M. McFarlane 

University of New Brunswick, Box 4400, 2 Bailey Drive, Fredericton, New Brunswick 
 

Abstract: The granodioritic Lake George polymetallic deposit is located approximately 35 km southwest of Freder-
icton, New Brunswick. This intrusion is a metaluminous to weakly peraluminous, calc-alkaline body that shows an 
evolved I-type, volcanic arc affinity. Based on an Early Devonian age determination, (412 +5/-4 Ma, zircon U-Pb) 
it is related to the Hakshaw granite phase of the Pokiok Batholith. The Lake George stock is cut by Hibbard stibnite
-quartz veins and quartz-scheelite-molybdenite veinlets that contain significant amounts of gold. Fresh biotites from 
this intrusion were analyzed at both the core and rim by electron microprobe, and along rim to rim transects by laser 
ablation ICP-MS at the University of New Brunswick to build an understanding of the halogens responsible for 
mineralization and trace element distribution within this deposit. 

Biotites of this intrusion are reddish brown in colour (indicative of reduced I-type source) and mostly altered to 
chlorite. They usually contain apatite, zircon, titanite, ilmenite, rutile, and sulphide minerals as mineral inclusions. 
Temperature was calculated with the Ti-In-biotite geothermometer, in which the results showed a variation between 
583 and 745°C. 

Two depths of emplacement were determined based on the Al in hornblende and biotite geobarometries confirming 
the porphyritic texture of this intrusion (4.3 and 1.5 km, respectively).  Forming amphiboles at that depth clearly 
indicates a high water content of the source magma; in addition, hydroxyl is the most dominant component of the 
hydroxyl site (Average 1.89 wt%) in biotites. The limited range of IV(F/Cl) values of the Lake George biotites 
suggested that they all equilibrated with one fluid. 

Even though there is no noticeable difference in major elements from core to rims, evidence of magma evolution is 
recorded by biotite grains by their trace elements. For instance, Cu, Rb, Cr, K, Mo, Sn, Cs and W increase from 
core to rims, whereas Ba, Ni, Mn, and Li act inversely. Sb has a negligible variation from core to rim. Interestingly, 
the partition coefficient (biotite/whole-rock) is significantly small for Sb, W, and Mo (main associated mineraliza-
tion) with 0.06, 0.28 and 0.13 in pure magmatic biotites and increase to 0.77, 1.93 and 0.20 in more altered biotites 
reflecting enrichment of these elements towards the late stage fluid.  

Based on these observations, the concept of using mica composition to help identify fertile Acadian magma systems 
was proved; this method may be a useful tool to indicate the difference between barren and mineralized granophile-
element rich systems.  

 

Originally presented Fredericton 2014: Geological Association of Canada - Mineralogical Association of Canada Joint Annual Meeting. May 25, 2014. 
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Abstract: The Sisson Brook W-Mo-Cu deposit, situated in west-central New Brunswick, is hosted by Cambro-
Ordovician volcanic and sedimentary rocks of the Miramichi and Tetagouche groups. These rocks have been in-
truded by the Early Devonian Howard Peak diorite-gabbro, Nashwaak Granite, a phaneritic felsic dyke swarm, and 
a distinctively younger Late Devonian porphyritic felsic dyke. In order to understand the magma evolution history, 
the textural and geochemical characteristics of quartz phenocrysts from these felsic rocks were analyzed with the 
aid of SEM-cathodoluminescence (CL), laser ablation inductively coupled plasma mass spectrometry (LA ICP-
MS), and secondary ion mass spectrometry (SIMS). 

Four intrusive granitic units in the Sisson Brook deposit area: (1)  medium-grained, equigranular two-mica granite 
with brown biotite that is slightly altered to chlorite; (2) biotite- granite with ca. 20 % greenish brown biotite and 
accessory zircon, apatite, monazite, magnetite, titanite, sulfide and ilmenite; (3) biotite-granite dykes with similar 
mineralogical features to the biotite-granite; and (4) porphyry dykes with phenocrysts consisting of approximately 
23 % plagioclase, 10 % quartz, 8 % biotite, and 7 % K-feldspar. 

Quartz phenocyrsts in two-mica granite and biotite-granite plutonic phases is unzoned indicating that it formed at 
relatively stable magma chamber. Quartz dissolution textures in the dyke phases might be caused by cooling from 
600°C to 300°C at pressure below 1 Kbar. Quartz phenocrysts in porphyry dyke samples are oscillatory-zoned. 
With the assumption that the activity of Ti in these magmas is 0.8 (based on the presence of ilmenite rather than 
rutile), Ti-In-quartz geothermometry indicates that the porphyry dykes formed at a temperature above 675°C, two-
mica granite and biotite-granite plutons formed at 600°C to 700°C, and the biotite-granite dykes formed at slightly 
below 600°C. Higher Ge/Ti ratios reflect greater degrees of magma differentiation. This ratio increases from 
porpyrhy dykes, two-mica granite and biotite-granite pluton phases to biotite dykes. The highest Al content of 
quartz measured in two-mica granite is consistent with the highest aluminium saturation index of its whole rock. 
The oxygen isotope of quartz is from 8-8.5 ‰ for biotite-granite, 9-10 ‰ for biotite dykes and porphyry dykes, and 
10-10.5 ‰ for the two-mica granites. The later mineralization quartz veins in the dykes have oxygen isotope values 
between 8.5 ‰ to 9.5 ‰, indicating the hydrothermal fluids related to the Sisson Brook deposit are dominantly 
magmatic fluids.  
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Abstract: Within British Columbia, Triassic-Jurassic felsic plutonic and intrusive rocks of the Stikinia and Ques-
nellia terranes are very much considered “elephant country”, and are spatially and genetically associated with some 
of the most significant porphyry Cu-Mo deposits in North America. However, where these terranes meet and merge 
in central Yukon, little significant mineralization has been discovered in similarly aged felsic plutonic rocks and 
they host only one operating Cu mine, despite outcrop covering hundreds of square kilometres. The reasons for this 
discrepancy are not clear. In order to provide assessment of the tectonomagmatic setting and porphyry prospectivity 
of Jurassic plutonic rocks within Yukon, 65 unmineralized samples from across the district have been analyzed for 
their whole rock major and trace element geochemistry, and their zircon Ce4+/Ce3+ ratios were determined by laser 
ablation ICP-MS. Most samples plot within calc-alkaline to high K calc-alkaline fields within a plot of SiO2 vs. 
K2O, although data display significant scatter and lack any strong trend, suggestive of later disturbance of the K 
content. Rocks from all sampling locations show HFSE depletions and negative Nb anomalies characteristic of 
suprasubduction zone environments, and commonly depleted HREE patterns are suggestive of melt generated be-
low the depth of garnet stability. Plots of Sr/Y vs. Y and La/YbN vs. YbN both indicate significant adakite-like and 
adakitic characteristics in a subset of the samples analysed. Taken together, the suprasubduction zone character and 
presence of adakite-like magmatism have been suggested as strong indicators of high porphyry potential in other 
parts of the world. Zircon Ce4+/Ce3+ values were highly variable and ranged up to more than 2100, an order of mag-
nitude greater than previous studies have suggested as a porphyry prospectivity threshold. However, aluminum-in-
hornblende data and Cu and Mo contents well below crustal abundances suggest that Jurassic plutonic rocks may 
represent the mid-crustal, volatile-depleted residue of porphyry-related magmatism that has been eroded away. 
Future exploration for Cu-Mo-Au mineralization within Yukon will depend on understanding of tectonic uplift 
across the region, and better constraint on the genesis of known mineralization. 

 

Originally presented Geological Association of America Annual Meeting 2014, Vancouver, BC. October 21, 2014. 
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Abstract: Two suites of felsic intrusions were emplaced during the later parts of the Appalachian orogenic cycle in 
New Brunswick. However, just those associated with crustal thickening processes of Acadian orogeny, post Acadi-
an uplift, and Neoacadian orogeny are mineralized with granophile elements to form Sn, W, Mo, Cu, Bi, Sb, and 
Au deposits, as well as Ta, Li, base-metals, and U mineralization. Biotite major element classification indicated that 
these intrusions are mostly A- and S-type granitoids and their hybrid varieties; some I-type granitoids are also pre-
sent in the area. 

Magmatic biotite from forty-two of these Devonian intrusions was studied by electron microprobe (EPMA) and LA
-ICP-MS at the University of New Brunswick. Whereas major elements are typically constant from core to rim, 
biotite grains can show remarkable trace element zoning. LA-ICP-MS trace element maps were also produced when 
permitted by the size of the biotite, frequency of the mineral inclusions, degree of alteration, and the laser spot size 
required to achieve sub-ppm detection limits. In this study, unaltered biotite grains with minor mineral inclusions, 
and diameters larger than 300 µm, display trace-element zoning patterns. Furthermore, smaller biotite tends to be 
more susceptible to intracrystalline diffusion. As a result, their elemental zoning should be further studied and cross
-checked with other characteristics. 

Results of this study showed LILE zoning, including Cs, Ba, and Rb, for most of the biotite grains. As these ele-
ments are highly incompatible, any zoning can be a result of the magma evolution history recorded within the bio-
tite crystalline structure. Any other trace element pattern following them will also be of an igneous source. For ex-
ample, biotite grains from the Pleasant Ridge granite show an increase from core to rim for Cs and Sn and a de-
crease for W and Sc. Copper is also high along the cleavages where biotite is weakly altered to chlorite. These ob-
servations coupled with an increase in F/Cl content from 770 to 1300 indicate that fractional crystallisation of this 
granite led to Sn mineralization. Tin is positively correlated with Fe/(Fe+Mg), but negatively correlated with FeT/
Ti; this relationship may indicate that the Sn content of biotite increases with low fo2 and low temperatures as indi-
cated by the iron/magnesium ratio. 

According to the results, the use of biotite as an indicator of trace element changes within granitic systems was 
achieved; with the help of other types of data, the composition of biotite may be a useful tool to indicate a differ-
ence between barren and mineralized granophile-element rich systems. 

 

Originally presented Exploration, Mining and Petroleum New Brunswick Conference 2014. November 3, 2014. 
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Abstract: Porphyry-style mineralisation occurs chiefly as a consequence of the release of large volumes of metal-bearing 

aqueous brine during the cooling and crystallization of plutonic and intrusive magmatic systems. In addition to the metals of 

economic interest, many additional elements are preferentially incorporated into the aqueous fluid during its segregation 

from the parent magma, or are gained from interactions with proximal county rocks. During its segregation, pooling and 

ascent, this magmatic-hydrothermal fluid also deposits many of its elemental components; either through direct precipitation 

of new minerals or by metasomatic interactions with existing minerals. 

The elemental and mineralogical signatures of each of these fluid generation, mineral precipitation and hydrothermal altera-

tion processes may be recorded within the resultant mineral residues at each stage, and will likely reflect a complex and 

evolving suite of physicochemical influences that operated during the formation of each ore deposit. Modern analytical meth-

ods are increasingly able to interrogate these signatures at smaller scales and lower cost, thus bringing effective and efficient 

mineral analysis within the scope of even small scale mineral exploration programs. In this presentation we will discuss a 

suite of mineralogical and mineral chemistry studies performed in the last few years as part of the Government of Canada’s 

Geomapping for Energy and Minerals and Targeted Geoscience Initiative Programs. All are targeted toward increasing both 

the efficiency and effectiveness of porphyry mineral exploration within Canada. 

Late Triassic to early Jurassic plutonic rocks of British Columbia are genetically associated with the great majority of Cana-

da’s porphyry copper, molybdenum and gold resources and producing mines, forming the ‘Copper Pine of the Cordillera’. 

Within Yukon they host the sole currently producing copper-gold mine in the territory. However, additional exploration 

activity within Yukon has been largely unsuccessful and, away from Minto mine itself, the metal endowment of Triassic-

Jurassic plutonic suites remains uncertain. In order to assess the prospectivity of these rocks and to provide a tool whereby 

future exploration in the region could be focused, our study examined the Ce4+/Ce3+ composition of igneous zircon  samples 

taken from across the district, as well as comparative samples from the late Cretaceous Casino deposit. Our results indicate 

that physicochemical conditions which prevailed during formation of the Minto deposit occurred widely across the Yukon 

Triassic-Jurassic plutonic suites, but that mineralisation may have occurred at much deeper crustal depths than expected for 

‘typical’ porphyry deposits. 

Within central and southern British Columbia, many known porphyry deposits are partly or entirely covered by Quaternary glacial 

sediments. However, a suite of indicator minerals in till in areas around these deposits can detect diagnostic mineralogical signatures 

of porphyry mineralisation many kilometres down-ice of the deposit location. In addition to indicator minerals, chemical analysis of 

the till can be used to fingerprint the type of mineralisation expected. A combination of till geochemistry and mineralogy might 

potentially be developed to provide preliminary information on the metal endowment of a buried mineralized body. At the 

Woodjam porphyry Cu-Au±Mo deposits of central BC, we can demonstrate that mineralogical complexity in bedrock tourmaline 

minerals – associated with both ore-forming and distal hydrothermal alteration processes – can be detected in surficial materials, 

providing context and refined detail to the broad exploration target produced. 

Within porphyry and greisen-style tin-tungsten-base metal systems of the Canadian Appalachian district, zones of high indi-

um content are significant exploration targets. However, despite apparent bulk mineralogy and base metal grade similarities 

between indium-rich and -poor ore, these zones do not occur evenly throughout the region. As a part of a detailed inventory 

and mineralogical assessment of indium distribution within southern New Brunswick and Nova Scotia we have identified 

distinct mineralogical fingerprints associated with indium enrichment.  

 

Originally presented AME-BC Mineral Exploration Roundup 2015, Vancouver, BC. January 26, 2015. 
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Abstract: The Early Devonian (418 ± 1 Ma, monazite U-Pb) Mount Elizabeth intrusive complex, New Brunswick, 
Canada, is a multiphase metaluminous to weakly peraluminous, high K calc-alkaline body that shows within plate 
affinity. The complex consists of apparently contemporaneous igneous suites including a mafic suite, an eastern 
peraluminous granite suite and a western alkali granite suite. The eastern part comprises compositionally and tex-
turally homogenous biotite granite, whereas the western part is mostly heterogeneous and contains five different 
units. The most abundant phase of the western suite is medium- to coarse-grained alkaline equigranular granite. 
This complex poorly exposed so that most of the available data, including inferred contact relationships, is based on 
geophysical data. It should be added that no mineral occurrences have been reported so far from this complex. 

Fresh biotite from this intrusion was analysed from core to rim by electron microprobe, and laser ablation ICP-MS 
at the University of New Brunswick to test whether biotite preserves a record of magma evolution in terms of 
major and trace-element and halogen compositional variations. Subhedral to elongate biotite phenocrysts are less 
than 700 µm long and reddish brown in colour indicative of a reduced I-type source. A calc-alkaline affinity is also 
suggested by biotite major element classification schemes. Biotite is locally altered to chlorite along cleavage 
planes, and typically contain iron oxides, monazite, ilmenite, apatite, xenotime, and zircon as mineral inclusions. 

Results of electron microprobe and laser ablation ICP-MS studies indicate that biotite grains are homogenous in 
major elements; however, they show variation in trace elements from core to rim. The biotite grains investigated 
have the highest Sn, W, Sb, and Mo concentrations recorded thus far among Devonian-related granitoid intrusions 
of New Brunswick (130, 40, 1, 3 ppm, respectively). There is no systematic correlation between major elements 
including FeTot, or FeTot/Ti and any of these trace elements. To further study trace-element distribution, a biotite 
from each of the phases was mapped with laser-ablation ICP-MS revealing patchy Ba, Rb, and Cs zoning.  These 
patterns are interpreted to be a result of localized hydrothermal alteration and intracrystalline volume diffusion in 
these biotite grains. The intracrystalline distribution of Sn, W, Mo and Sb is homogeneous. Furthermore, halogen 
contents analysed by EPMA indicate that hydroxyl is the dominant component of hydroxyl site followed by fluo-
rine. It also showed that these biotites formed from strongly contaminated and reduced I-type granite. 

As a result, high concentration of Sn in biotite is interpreted to be caused by crustal contamination, and low-
temperature hydrothermal processes (sub-solidus) rather than being magmatic in origin.  

 

Originally presented Atlantic Geoscience Society Colloquium and Annual Meeting 2015. January 31, 2015. 
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Abstract: The Late Devonian Mount Douglas intrusive suite (MD, ~600 km2) of southwestern New Brunswick, 
Canada, eastern part of the Saint George Batholith, is a suite of peraluminous leucogranites extended from Red 
Rock Lake to Mount Douglas. Extreme fractional crystallization associated with formation of this suite is the most 
important factor affecting the magmatic evolution, producing three compositionally and chronologically different 
intrusive units, Dmd1, Dmd2, and Dmd3. Petrochemical data show that the subunits of the Mount Douglas Granite 
have within-plate geochemical character with evidence of hybrid I- and S-type affinity. 

Very low K/Rb (average 102.7), Nb/Ta (≤ 6.8), and Zr/Hf (≤ 37.45) ratios in Dmd3 compared to Dmd1 possibly 
reflect significant involvement of extreme low T crystal fractionation in the last- stages of magmatic differentiation; 
The continuous variation trends for many major and trace elements (e.g., Zr vs. TiO2, Zr/Hf vs. K/Rb, F vs. K/Rb, 
and Pb vs. Ba) suggest that probably Dmd2 and Dmd3 were generated by extensive fractionation of the parental 
Dmd1 magma. Also, normalized to the least-evolved sample of the MG granites (Dmd1), the Dmd3 unit is the most 
enriched in Rb, Th, U, Ce, Ta, Pb, Nd, Sm, Dy, Y, Yb, and Lu, and depletion of Cs, Ba, Sr, P, Zr, Eu, and Ti con-
tent, reflects their production of the same parental magma by crystal fractionation from Dmd1 to Dmd3. A flat 
"birdwing shape" REE patterns with the most pronounced negative Eu anomalies and the lowest (La/Yb)N (ranging 
from 1.7-7.4) ratios of Dmd3 show the highly evolved attributes of Dmd3. Calculation of zircon saturation tempera-
tures supports an interpretation of crystal fractionation from Dmd1 to Dmd3. Estimated average temperatures using 
the bulk rock Zr composition for Dmd1, Dmd2, and Dmd3 range 747-826˚C, 733-817˚C, and 729-816˚C, respec-
tively. All above data suggest that they might have a single genetic group with different fractionation originated 
from a homogenous parental magma, in which this fractionation increases from the early unit (Dmd1) to the latest 
unit (Dmd3); significant mineral occurrences, such as Sn, W, and Mo, seem to be mostly associated with the latest 
and most highly differentiated Dmd3 intrusive phases. 

 

Originally presented Atlantic Geoscience Society Colloquium and Annual Meeting 2015. January 31, 2015. 
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Abstract: The Canadian Appalachians represent an archetypal ancient, accretionary orogen the study of which has 
played a substantial role in developing modern geological concepts. From the initial simplistic models of a moun-
tain belt deriving from the closure of the Iapetus Ocean, our understanding has evolved, recognising a richer, more 
complex geological history. Current models define multiple collisions between arcs and microcontinents due to the 
closures of interposed oceans and seaways. Delineating specific tectonic events provides context to the various 
periods and styles of mineralisation produced, which in turn can define new exploration models for the next genera-
tion of deposits. 

One of the least understood deposit types in the Canadian Appalachians are the Devonian granitoid intrusion-related 
Sn-W-Mo mineralisation. The Connaigre Peninsula was selected to study such deposits as it contains a variety of 
supracrustal units plus (apparently) barren and mineralised intrusives within a relatively constrained and accessible 
area. The distributions of the main lithotectonic packages indicate three distinct tectonic blocks that were amalga-
mated by the Middle Devonian, and subsequently intruded by Upper Devonian granitoids concurrent with clastic 
sedimentation. 

The ca. 376 Ma Old Woman Stock contains several known Mo occurrences. Molybdenite is disseminated and asso-
ciated with vugs containing dog-tooth quartz, and intense alteration zones (up to 5 cm wide) are localised along 
north – south to north-west – south-east trending joints. The distribution of deposits demonstrates a potential link-
age between regional structures and the localisation of mineralisation. At the large scale, the Connaigre Peninsula in 
the Upper Devonian is interpreted to be in extension associated with far removed non-orthogonal accretion of other 
peri-Gondwanan elements to composite Laurentia. It is notable however that the mineralisation does not occur at a 
major fault, but rather at the intersection of a prominent north- east to south-west lineament and well-developed 
north – south to north-west – south-east jointing. The implication is that the high-angle intersection of breaks that 
are contemporaneous with intrusion but have relatively little motion provide ideal pathways for mineralising fluids. 

In contrast to the Old Woman Stock, the adjacent, approximately coeval to slightly younger Belleoram Granite is 
apparently barren. It remains unclear why the Belleoram Granite contains no known Sn-W-Mo mineralisation. Pos-
sible explanations include: i) its hybrid nature makes it compositionally unsuitable; ii) it formed at too shallow a 
crustal depth; or iii) it was too dry and did not develop fluid pathways.  

 

Originally presented Fredericton 2014: Geological Association of Canada - Mineralogical Association of Canada Joint Annual Meeting, 
Special Session 3: Discovering the Next Generation of Porphyry Deposits: Advancements in Locating and Understanding Hidden Intrusion-
related Mineralization. May 21, 2014. 
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Abstract: The mineralized intrusions of New Brunswick are related to crustal growth processes that occurred dur-
ing Acadian Orogeny, post Acadian uplift, and Neo-Acadian Orogeny. They were emplaced pre-, syn-, late-, and 
post-tectonically between 423 and 360 Ma. These intrusions have affinities ranging from primitive to highly 
evolved A-, S-, and I-types granitoids, and are associated with Sn, Ta, Li, Sb, W, Mo, Cu, and Au, as well as base-
metals and U mineralization. 

Biotite crystallizes over a wide range of conditions and reacts very sensitively to physiochemical conditions of the 
magma; this sensitivity makes mica a great mineral for identifying the petrogenetic, mineralization, and alteration 
processes of the host granitic rocks. The following features make biotite a valuable probe of magma composition: 
1) it is the most important reservoir of any excess aluminium in granites that do not contain modal garnet, cordier-
ite, or the Al2SiO5 polymorphs; therefore, it directly reflects the peraluminosity of the host magma in such rocks; 2) 
it is the most readily available indicator of oxidation state; and 3) it can provide information about the F and Cl 
content of the magma. Mineralized and barren rocks are characterized by different chemical variations in biotite. 
For instance, mineralized biotite is characterized by lower Mg and Ti contents relative to biotite from barren rocks; 
they also have higher amount of Al comparing to biotite from barren phases. 

Several studies have shown that biotite, continuously equilibrates with the host liquids. Therefore, core-to-rim study 
of this mineral and its compositional zoning may provide a record of magma evolution so that the origin and evolu-
tion of granitoids can be discerned. Furthermore, the chemical composition and the colour of this mineral strongly 
reflects the tectonic origin of its host. For instance, the bright red colour of biotite indicates peraluminous collision-
al granitic pluton and reflects a high total Fe content with low Fe3+/(Fe2+ + Fe3+) and probably the presence of Ti4+. 

In part this study aims to calculate fluoride and chloride activity of aqueous fluids based on F and Cl contents in the 
minerals containing hydroxyl and halogens determined by combined electron microprobe and LA ICP-MS analysis. 
The final data will be compared to the whole rock geochemistry. These results are expected to help constrain crys-
tallization conditions, volatile exsolution and fluorine-chlorine activity of fluids associated with these intrusions. 
They should also indicate the degree of subsolidus re-equilibration via various geothermobarometry techniques.  

 

Originally presented Fredericton 2014: Geological Association of Canada - Mineralogical Association of Canada Joint Annual Meeting. May 23-25, 2014. 
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Abstract: There are over 150 granitoid intrusions in the New Brunswick; however, all the mineralised intrusions 
formed in relation to Acadian and Neoacadian orogenic phases of Appalachian accretion. These granitoids range in 
age from 423 to 360 Ma, and include examples of pre-, syn-, late-, and post-tectonic emplacement with affinities 
ranging from primitive to highly evolved A-, S-, and I-types granitoids along with their hybrid varieties. Many of 
these are spatially and temporally related to specific styles of mineralization, producing deposits of Sn, Ta, Li, Sb, 
W, Mo, Cu, and Au, as well as other base-metals and U. 

Igneous biotite crystallises over a wide range of conditions and reacts very sensitively to physio-chemical condi-
tions like halogen and oxygen fugacities, pressure, temperature and chemical composition of the magmas. This 
sensitivity makes biotite a suitable mineral for identifying the petrogenetic processes, mineralization and alteration 
of the host granitic rocks. The following features make biotite a valuable probe of magma composition: i) It is the 
most important reservoir of any excess aluminium in granites that do not contain modal garnet, cordierite, or the 
Al2SiO5 polymorphs; therefore, it directly reflects the peraluminosity of the host magma in such rocks; ii) it is the 
most readily available indicator of oxidation state; and iii) it can provide information about the F and Cl composi-
tion of the magma.  

Previous studies have shown that biotite, and to lesser extent hornblende and magnetite, continuously equilibrates 
with host liquids. Consequently, a core-to-rim study of these minerals and their compositional zoning can provide a 
record of magma evolution so that the origin and evolution of granitoids can be documented.  

The aim of this study is to calculate fluoride and chloride activity of aqueous fluids based on measuring F and Cl 
contents in the minerals containing hydroxyl and halogens, using a combination of electron microprobe and Laser 
Ablation ICP-MS. These data will be combined and compared with whole-rock trace element geochemistry. The 
results are expected to help constrain crystallisation conditions, volatile exsolution, and fluorine-chlorine activity of 
fluids associated with these intrusions, and also to examine the degree of subsolidus re-equilibration using various 
geothermobarometry techniques. By linking these results to the various styles/types of granitoids and their associat-
ed mineralisation it is hoped to establish biotite composition as a robust indicator of an intrusions ore potential.  

 

Originally presented Atlantic Geoscience Society 40th Colloquium and Annual Meeting. Wolfville, NS, February 7-9, 2014. 
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Abstract: Forty-two different Devonian granitoid intrusions in New Brunswick were studied for this project. They 
formed by crustal growth processes during the Acadian orogeny, post-Acadian uplift, and Neoacadian orogeny and 
most are associated with granophile element deposits, such as Sn, W, Mo, Cu, Bi, In, Sb, Au, and possibly Ta and 
Li, as well as base-metals and U mineralization. These intrusions were emplaced pre-, syn-, late-, and post-
tectonically between 423 and 360 Ma with affinities ranging from primitive to highly evolved A-, S-, and I-types 
granitoids. 

The aim of this study is to find a way to differentiate barren and mineralized granitic systems using biotite composi-
tional systematics since it is highly sensitive to physico-chemical changes of its host, and continuously re-
equilibrates with host and derivative fluids. Therefore, core to rim studies of this mineral and analysis of its compo-
sitional zoning may reveal the origin and evolution history of the hosting granitoid and the different types of associ-
ated mineralization. Mineralized and barren granitoids are characterized by different chemical variations in biotite. 
For instance, biotite from a mineralized granitoid is characterized by lower Mg and Ti, and higher Al content rela-
tive to biotite from a barren granitoid. A combination of electron microprobe (EPMA) and laser ablation ICP-MS 
(LA-ICP-MS) was used to identify major, minor, trace elements, and halogen contents of biotite; these results were 
used to calculate fluoride and chloride activity of aqueous fluids associated with these intrusions, based on F and Cl 
contents in the mineral. 

Microprobe studies indicated homogeneous intragranular major element composition; crystallization temperature 
was calculated using Ti-In-biotite geothermometer, which gave a range of 670 to 750 ± 25°C . However, hydroxyl 
exchange biotite-apatite thermometer confirmed sub-solidus processes disturbed these systems resulting in a lower 
temperature around 300. Biotite grains from the highly fractionated bodies of the Pleasant Ridge, Mount Pleasant, 
and Kedron granites show the highest fluorine contents, ranging from 4.5 wt.% to 6.5 wt.%. 

 Trace element changes within the biotite lattice were measured using LA-ICP-MS. Interestingly, almost all of stud-
ied grains show Cs, Ba, and Rb zoning relative to K. These patterns were followed by Co, Cu, K, Li, Be, Sn, W, Ti, 
Sc, Ni, B, and V. Large ionic charge and radius make it difficult for elements to join or leave any crystalline struc-
ture; therefore, any Cs or Ba zoning could be of an igneous origin. As a result, any other elemental pattern follow-
ing those could be a result of magmatic evolution, which has been recorded by the biotite crystal growth. 

Based on the results of this project, the concept of using biotite composition to help identify fertile Acadian magma 
systems has been established; however, more work needs to be done to define characteristics of different magmatic 
processes. 

 

Originally presented Exploration, Mining and Petroleum New Brunswick Conference 2014. November 3, 2014. 
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Abstract: The Mount Douglas intrusive suite consists of an assemblage of peraluminous leucogranites located 
along the eastern part of the Saint George Batholith in southwestern New Brunswick, Canada. This late Devonian 
suite extends from Red Rock Lake to Mount Douglas, and is interpreted to represent the subvolcanic portion of the 
Mount Pleasant Sn-W-Mo-Bi-In-Zn deposits. The magmatic systems in the Mount Douglas suite have undergone 
extreme differentiation producing three distinct phases, including Dmd1, Dmd2, and Dmd3, and are associated with 
various granophile-element occurrences, such as Sn, W, and Mo. It seems the three phases might originate from a 
single source that evolves with increasing fractionation from the earliest unit (Dmd1) to the youngest unit (Dmd3). 

Metal behavior during fractional crystallization is one of the most important factors affecting the types of mineral 
occurrences associated with the Mount Douglas granites. To establish the metal behavior in the Mount Douglas 
suite, analytical data from Malcolm McLeod’s 1990 report was used in this study. The most incompatible element, 
Ta, has been selected for defining partition coefficients (D) using the Allegre method. Based on their D values, as 
expected, Sn with Rb, Y, Nb, LREE [La, Ce, Nd, and Sm], HREE [Tb, Dy, Tm, Yb, and Lu], Pb, Th, and U behave 
as incompatible elements; showing the Mount Douglas Granite could be considered for exploration of Sn deposits 
as previous studies have mentioned. However, W and Mo accompanied with the other elements, such as Li, P, Sc, 
Ti, Cu, Zn, Sr, Zr, Cs, Ba, Eu, and Hf seem to act as compatible elements during magmatic evolution, although melt
- supercritical fluid evolution can easily affect W, Mo, Cs, and Li abundances. The apparent compatibility of W and 
Mo is in contrast with the expected results in which they might act as incompatible elements for developing consid-
erable potential for W-Mo deposits. However, W and Mo concentrations increased with the degree of fractionation 
and show a significant enrichment in the Mount Douglas granites relative to other granitoid suites in the region; 
thus their compatibility may be the result of leaching or partitioning out during volatile exsolution, or low pressure 
fractionation. Furthermore, very low K/Rb (average 102.7), Nb/Ta (≤ 6.83), and Zr/Hf (≤ 35.58) ratios, and high Ti/
Sc (125.3 ≤) ratio in Dmd3 compared to Dmd1 possibly reflect significant involvement of extreme low T crystal 
fractionation or even fluid fractionation in the last-stage magmatic differentiation. Consequently, although much 
more analytical data are needed for exact evaluation of the mineral occurrences in the Mount Douglas Granites, 
Dmd3 as the most highly differentiated phases might be considered a superior candidate for hosting of Sn-W-Mo 
deposits. 

 

Originally presented Exploration, Mining and Petroleum New Brunswick Conference 2014. November 1-3, 2014. 
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Abstract: A cost-effective, simple, and time-efficient method to determine the bulk composition of fluid inclusions 
is evaporate mound analysis. This method is semi-quantitative and determines inclusion composition by integrating 
SEM imaging with energy-dispersive analysis of precipitates, or mounds, produced by thermal decrepitation of 
fluid-inclusions. The method is applicable to magmatic-hydrothermal systems where fluid inclusions contain solute 
ions (e.g., Na, K, Ca, Cl, F). In order to assess the application of this method for evaluating hydrothermal evolution 
and metal fertility with regards to intrusion-related mineralisation, a test study is being conducted on the large (7800 km2) 
and variably mineralized (e.g., Sn, W, Cu, U, Mo, Ta) South Mountain Batholith (SMB) of Nova Scotia. 

Decrepitate mounds were analyzed using a LEO 1450VP (SEM) imaging system linked to an Oxford X-Max 80 mm2 SDD 
detector energy-dispersive detector. Based on decrepitating over a range of temperatures, from 325°C to 500°C, it 
appears that T = 500°C is optimal to produce large, well-shaped, and readily identifiable mounds. To optimize anal-
ysis time and, hence, increase research efficiency while maintaining result accuracy, data were collected with 5, 10, and 30 
second acquisition times. The number of analyses required to produce representative results was also tested by com-
paring the results for 4, 8, 16, 32, and 64 mound analyses for individual samples. Results indicate that optimal pro-
cedures require multiple (N = 12) point-mode analyses on individual decrepitate mounds to substantiate mound 
heterogeneity, and that in order to accurately reflect in-situ fractionation a single, 10 second raster-mode analysis is 
the best approach. 

These optimal analytical protocols are being applied to a regional study of the SMB to determine their suitability as 
mineral fertility indicator and/or vector to ore mineralisation. This test case is the first of its kind conducted on a 
batholithic scale, with the resulting methodological protocols being readily exportable for the mineral fertility as-
sessment of other regions. Data interpretation protocols integrate a granitic petrographic alteration index, fluid in-
clusion types, density and evaporate mound chemistry. Samples are chosen such that the entire batholith may be 
assessed, with all mapped lithologies represented. Fluid compositions determined thus far include brines with 5-20 % 
fluorine, which is quantitatively indeterminable using other methods, and has been linked as primary control on the 
transport and deposition of ore in porphyry- and greisen-style mineralisation. 

 

Originally presented Geology Matters - Exploration and Mining Expo Nova Scotia, Halifax, NS, November 12-13, 2014. 
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TGI 4: Investigating structural and tectonic controls on 
Devonian intrusion related mineralisation on the 

Connaigre Peninsula, Newfoundland 

N. Rogers1, G. Ruberti2, D.A. Kellett1, C.R. van Staal3 and J. Hanchar2 

1 Geological Survey of Canada, 601 Booth Street, Ottawa, Ontario 
2. Memorial University of Newfoundland, St John’s, Newfoundland and Labrador 

3. Geological Survey of Canada, Vancouver, British Columbia  
 

Abstract: Targeted Geoscience Initiative 4 (TGI 4) is a 5 year Government of Canada program to help produce the 
next generation of innovative geoscience knowledge and analytical techniques that will result in more effective 
targeting of buried mineral deposits. The Geological Survey of Canada in collaboration with provincial and territo-
rial surveys, industry and academia will conduct thematic, knowledge-driven projects based around ore systems. 
The thematic nature of TGI 4 means that individual projects are not defined by geographic region, but instead inte-
grate data and knowledge from multiple sites across Canada, to optimise ore system categorisation. 

Intrusion related (e.g., porphyry) deposits are the most important sources for Cu, Mo, W and Sn, along with Au, Ag, 
and PGEs. Porphyry deposits are large, low- to medium-grade deposits in which mineralisation is hosted within and 
immediately surrounding distinctive intrusive phases within larger intrusive complexes that commonly have a com-
plex and prolonged emplacement history. The metallogenic contents of intrusion related deposits are diverse, re-
flecting a variety of tectonic settings. 

The Connaigre Peninsula was selected to study the structural and tectonic controls on the formation of granitoid 
intrusion-related Sn-W-Mo mineralisation as it contains a variety of supracrustal units plus (apparently) barren and 
mineralised intrusives within a relatively constrained and accessible area. The main mineralised zones are related to 
the ca. 376 Ma Old Woman Stock and ca. 377 Ma phase of the Ackley Granite (Rencontre Lake facies of Tuach, 
1987). 

The detailed bedrock map of O'Brien (1992) has been simplified to highlight the main lithotectonic packages. Their 
distributions indicate three distinct tectonic blocks (herein Gander, Deadman's Bight and Wreck Cove blocks) that 
were amalgamated during the Devonian along major fault zones. The topographically prominent Hermitage Bay 
Fault has traditionally been considered to represent the Gander – Avalon boundary in this area. However, the re-
cently obtained Silurian age for the Pass Island Granite indicates against this, as Avalonia (sensu lato) was on the 
passive margin at that time. In contrast to the Hermitage Bay Fault, the White Horse – East Bay fault zone, although 
major break, is obscured by younger sequences and so its exact position is unknown. It is interpreted to be posi-
tioned to the north-west of the Cambrian passive margin style sequences of the Young's Cove Group. In this model 
the White Horse – East Bay fault zone also separates the Upper Devonian Poole's Cove and Great Bay De L'Eau 
formations. As these formations: i) occupy approximately the same stratigraphic position; ii) are both red to buff 
coloured sandstone to boulder conglomeratic sequences; and iii) both appear to unconformably overlie the likely 
Lower Devonian Cinq Isles Formation, they are considered as a single map unit for this study.  

 

Originally presented AMEBC Mineral Exploration Roundup 2015, Vancouver, BC, January 25-28, 2015. 
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