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ABSTRACT

Mafic-to-felsic intrusive rocks of the Horse Cove Complex have been mapped in
detail in the area surrounding Bauline on the east coast of Conception Bay in the Avalon
Zone, Newfoundland. The Horse Cove Complex is characterized by a swarm of mafic-
to-felsic dykes that coincide with the extrapolated trace of the Topsail Fault along the east
coast of Conception Bay and are hosted by mafic submarine volcanic rocks and, locally,
by diorite. In the Bauline area, the Horse Cove Complex is hosted by granodiorite, which
has been dated at 625 + 1.5 Ma using U/Pb zircon geochronology with the chemical
abrasion thermal ionization mass spectrometry (CA-TIMS) method. This granodiorite is
correlative to the felsic plutonic rocks of the Holyrood and White Hills intrusive suites,
located south of Bauline, within and along the eastern margin of the Holyrood Horst.
Based on detailed mapping and petrography in the Bauline area, the Horse Cove Complex
has been divided into ten rock units. These rocks units include: feldspar porphyry, gabbro
and diorite, which are the host rocks to the dyke swarm, and eight rock units that
represent dykes of mafic-to-felsic composition. The Horse Cove Complex has been
affected by greenschist-facies metamorphism, resulting in partial replacement of igneous
mineral assemblages by greenschist-facies minerals, but igneous minerals and textures are
still recognizable. The age of magmatism in the Horse Cove Complex has been bracketed
by CA-TIMS U/Pb zircon ages of feldspar porphyry (580.6 £+ 2.0 Ma) and an andesitic
dyke (578.4 + 2.3 Ma). Since field relationships indicate that these rock units represent
the oldest and youngest datable rocks in the Complex, magmatism occurred over a period

of 6.5 Ma or less: from 582.6 to 576.1 Ma, at maximum age limits. This age of
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magmatism overlaps, within uncertainties, with several magmatic events on the NE
Avalon Peninsula, including felsic volcanic and fine-grained intrusive rocks along the
eastern margin of the Holyrood Horst and near Cape St. Francis. Based on
lithogeochemistry, feldpsar porphyry and rhyolitic dykes in the Horse Cove Complex
appear to represent volcanic arc magmatism and may be co-magmatic. The matfic to
intermediate dykes and host rocks in the Horse Cove Complex are comprised of calc-
alkaline and tholeiitic rocks that exhibit a range of compositions, from rocks with E-
MORB-like geochemistry to rocks that are LREE-enriched and have negative Nb
anomalies, comparable to subduction-related calc-alkaline basalts and andesites. There is
an overall progression from rocks with E-MORB-like geochemistry to rocks with arc
signatures, but exceptions exist due to the episodic emplacement and complex cross-

cutting relationships of the dyke swarm. Seven rocks from the Horse Cove Complex,

including a rhyolitic dyke and several maﬁc-to—intennédiate rocks, have eNd values (at
580 Ma) ranging from +4.1 to +6.4. Thus, these rocks appear to have depleted mantle
sources that have undergone various degrees of mixing or assimilation with older, LREE-
enriched sources, such as continental crust and/or sediments in a subduction zone. The
interpreted paleo-tectonic setting of the Horse Cove Complex is a back-arc basin
environment, in which rocks with LREE-enriched mantle sources and subduction-
contaminated sources were emplaced side-by-side and closely in time. The Horse Cove

| Complex may represent the last phase of subduction-related magmatism in the eastern
Avalon Zone in Newfoundland prior to deep marine, deltaic and alluvial fan

sedimentation during the late Neoproterozoic.
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CHAPTER 1: INTRODUCTION

1.1. Synopsis

The study area for this thesis is centered around the town of Bauline on the east
coast of Conception Bay in the Avalon Zone in Newfoundland. This area offers the best
exposure of the newly recognized and informally named Horse Cove Complex (HCC;
Sparkes, 2006), which occurs over a distance of approximately 22 km along the east coast
of Conception Bay. The HCC is a composite unit that consists of a mafic-to-felsic dyke
swarm hosted by mafic volcanic rocks and diorite intrusions (Sparkes, 2006). Early
studies of the geology of the Avalon Peninsula documented volcanic and felsic plutonic
rocks of Neoproterozoic age and an overlying siliciclastic sequence that was deposited
during the late Neoproterozoic (e.g. Rose, 1952; McCartney, 1967; Hsu, 1975; Williams
and King, 1979; King, 1988, 1990). Recent studies investigated the geological
complexity of the NE Avalon Peninsula (e.g. O’Brien ef al., 2001; Sparkes, 2005;
Sparkes, 2006) and the resulting revised interpretation of the tectonic evolution of the
Avalon Peninsula involved numerous periods of volcanic and plutonic activity and
sedimentation during the late Neoproterozoic. However, due to the regional nature of
previous studies, the geology of the HCC had not been examined in detail and its role in
the tectonomagmatic history of the Avalon Peninsula is not known. Therefore, the aim of
this thesis is to study the internal complexity, geochemistry and geochronological
constraints of the HCC in order to determine its role in the tectonic history of the Avalon

Zone in Newfoundland.




1.2. Geology of the Avélon Zone in Newfoundland

Subsequent to the amalgamation (ca. 1200-1000 Ma) and breakup (ca. 750-600
Ma) of the supercontinent of Rodinia, the ancient continent of Gondwana was formed by
collisional and subduction-related events during ca. 650-520 Ma (e.g. Hoffman, 1991;
Dalziel, 1997; Wingate and Giddins, 2000; Pisarevsky et al., 2003, 2008). The formation
of Gondwana is recorded in the rocks of the peri-Gondwanan terranes, which were
located along or offshore of the northern margin of Gondwana into the Early Paleozoic
(e.g. Theokritoff, 1979; O’Brien et al., 1983, 1996; Murphy and Nance, 1989; Landing,
2005). Numerous peri-Gondwanan terranes were separated from the Gondwanan margin
in the Late Cambrian-Early Ordovician, and were further displaced during the creation of
the Appalachian-Caledonide-Variscan orogenic belt of present-day western Europe and
eastern North America (e.g. van Staal ez al., 1998). One of .these peri-Gondwanan
terranes is the Avalon Terrane, or Avalonia, which occurs in numerous fault-bounded
blocks from the Avalon Peninsula of Newfoundland to Nova Scotia, New Brunswick and
New England (Williams, 1979). Although the pre-650 Ma tectonic setting of Avalonia 1s
uncertain, subduction beneath the Gondwanan margin resulted in extensive arc-related
magmatism in several parts of Avalonia during ca. 650-550 Ma (Nance and Murphy,
1994, 1996; Thompson et al., 2007).

On the island of Newfoundland, remnants of the early Paleozoic lapetus Ocean
are preserved in the central mobile belt of the Appalachian orogen (Figure 1.1; Williams,

1964; Wilson, 1966). The central mobile belt is flanked by Proterozoic rocks that
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represent the ancient Gondwanan and Laurentian margins of the lapetus ocean (Williams,
1964; Wilson, 1966). The lithotectonically distinct Neoproterozoic rocks east of the
central mobile belt are believed to have once been part of, or adjacent to, the ancient
continent of Gondwana (Williams ef al., 1970), and are referred to as the Avalon Zone
(Williams, 1979; O’Brien et al., 1983). The Avalon Zone is separated from the outboard
[apetan continental margin rocks in the central mobile belt by the Dover-Hermitage Bay
Fault (Figure 1.1; Blackwood and Kennedy, 1975). Basement inliers have been identified

within the central mobile belt west of the Hermitage Bay Fault, including the basement

block of the Hermitage Flexure and several smaller inliers in the Dunnage Zone (Dunning
and O’Brien, 1989; Evans et al., 1990; B. H. O’Brien ef al., 1991, 1993). These inliers
were correlated with the Avalon Zone by Dunning and O’Brien (1989) but have been
more recently correlated with Ganderia by some workers (e.g. Hibbard et al., 2007; Lin et
al., 2007).

The Avalon Zone in Newfoundland is characterized by late Neoproterozoic (760-
542 Ma) basement rocks, composed of volcanic, plutonic and clastic sedimentary rocks,
covered by a terminal Neoproterozoic to early Ordoviqian sequence of fossiliferous
siliciclastic rocks (e.g. Hutchinson, 1962; King, 1990; O’Brien et al., 1996). Several
tectonomagmatic and depositional events occurred in the Avalon Zone in Newfoundland
during the late Neoproterozoic, at ca. 760 Ma, 730 Ma, 685-670 Ma, 640-590 Ma and
590-545 Ma (O’Brien et al., 1996). The ca. 760, 730 and 685-670 Ma events are
attributed to rifting and arc-related magmatism; the ca. 640-590 Ma events are interpreted

to represent the development of volcanic arcs and arc-related basins; and magmatism and
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sedimentation during ca. 590-545 is attributed to an orogenic and later extensional event
(O’Brien et al., 1996).

The Burin Group on the Burin Peninsula represents the oldest known subduction-
related magmatism in the Avalon Terrane (Krogh ef al., 1988; Murphy et al., 2008). The
Burin Group consists of greenschist-facies submarine mafic rocks, including pillow basalt
and breccia, as well as tuff and sedimentary rocks (Strong et al., 1978). The Burin Group
is intruded along most of its strike-length by a gabbroic sill, which has yielded an age of
763 + 2 Ma (Krogh et al., 1988). The plutonic and volcanic rocks in the Burin Group
have predominantly oceanic tholeiitic chemistry, comparable to mafic igneous rocks of
oceanic island arcs (Taylor, 1976; Strong and Dostal, 1980; Murphy et al., 2008).

A ca. 730 Ma felsic to intermediate volcanic succession followed the ca. 760 Ma
arc-related magmatism of the Burin Group. Known as the Hawke Hills Tuff, these felsic
volcanic rocks are preserved in the core of the Holyrood Horst on the Avalon Peninsula
(Israel, 1998; O’Brien et al., 2001). With a U/Pb zircon age of 729 £ 7 Ma (Israel, 1998),
the Hawke Hills Tuff represents the oldest phase of felsic volcanism yet identified in the
Avalonian terranes of the Appalachian orogenic belt (O’Brien ef al., 2001).

Arc-related, ca. 685-670 Ma old, predominantly felsic volcanic rocks occur in the
Tickle Point Formation on the Connaigre Peninsula in the Avalon Zone.in southern
Newfoundland, where they are overlain by younger Neoproterozoic rocks (O’Brien et al.,
1992, 1995). The Tickle Point Formation is dominantly composed of calc-alkaline
rhyolite flows and pyroclastic rocks (O’Brien et al., 1992). Two rhyolite samples from
the Tickle Point Formation yielded U/Pb zircon ages of 682 + 3 Ma (O’Brien ef al., 1994;

Tucker, 1991, unpublished data) and 682.8 + 1.6 Ma (Swinden and Hunt, 1991). In




addition, the Tickle Point Formation is intruded by co-magmatic granite and gabbro of the
Furby’s Cove Intrusive Suite. Granite from this suite yielded an age of 673 + 3 Ma
(O’Brien- et al., 1994; Tucker, 1991, unpublished data).

Rocks with ages between 685-670 Ma also occur in basement inliers south of the
Hermitage Flexure in the Grey River and Cinq Cerf Bay areas. As noted above, these
basement inliers have been correlated wilth Avalonia (Dunning and O’Brien, 1989) and,
more recently, with Ganderia (Hibbard et al., 2007; Lin et al., 2007). A migmatite from
the Grey River Gneiss was dated at 686 +33/-15 Ma (Dunning and O’Brien, 1989) and a
granitic orthogneiss from the Cingq Cerf Gneiss was dated at 675 +12/-11 Ma (Valverde-
Valquero et al., 2000).

During about 640-590 Ma, the Avalon Zone in Newfoundland is characterized by
plutonism, contemporaneous volcanic activity and related sedimentation. Although the
magmatism and sedimentation are attributed to arc or arc-adjacent basin environments in
a compressional tectonic setting, there is only minor structural and metamorphic evidence
in eastern Newfoundland of a related collisional event (O’Brien et al., 1996). Volcanic
rocks from this period range in composition from basalt to rhyolite, and include calc-
alkaline and tholeiitic rocks, as well as island-arc tholeiites associated with arc-rifting
(Hussey, 1979; Sears, 1990; OBrien et al., 1990).

On the Avalon Peninsula, the calc-alkaline, dominantly felsic plutonic rocks of the
Holyrood and White Hills instrusive suites have been dated at ca. 640-614 Ma by several
workers (Krogh et al., 1988; O’Brien et al., 2001; Sparkes et al., 2002; Sparkes, 2005)

and intrude volcanic rocks of similar composition. Felsic volcanic rocks as young as 606
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+ 2 Ma (the Peak Tuff; Krogh et al., 1988; O’Brien et al. 2001) are associated with this
period of magmatism in the quyrood Horst.

Calc-alkaline plutonism also occurred on the Connaigre Peninsula during 630-620
Ma, in the form of the mafic to felsic rocks of the Simmons Brook Intrusive Suite
(Williams, 1971; O’Brien et al., 1992), including a 621 £+ 3 Ma granodiorite (Tucker,
unpublished data; O’Brien ef al., 1994). These intrusions are hosted by the volcano-
sedimentary rocks of the Connaigre Bay Group, from which a rhyolite was dated at 626 +
3 Ma (Tucker, unpublished data; O’Brien et al., 1994). Other ca. 620 Ma volcano-
sedimentary sequences in the Avalon Zone in Newfoundland include the Love Cove
Group in the Bonavista Bay area, and the conformably overlying Connecting Point Group
in the Bonavista Bay and Burin Peninsula areas. A rhyolite from the Love Cove Group
was dated at 620 + 2 Ma (O’Brien et al., 1989) and a tuff from the middle of the
Connecting Point Group was dated at 610 £ 1 Ma (G. Dunning, unpublished data, in Dec
et al.,, 1992).

Turbiditic marine siliciclastic sedimentation occurred during the ca. 620-610 Ma
period in association with arc-related volcanic activity. Examples of ca. 620-610 Ma
marine siliciclastic successions include the Connaigre Bay Group (O’Brien ef al., 1995),
the Connecting Point Group (Dec et al., 1992), and the 621 +5/-4 Ma-and- younger
(Israel, 1998) turbidity flows within the Holyrood Horst.

From about 590 to 545 Ma, the Avalon Zone in Newfoundland underwent
extensive volcanism, plutonism and sedimentation. During about 590 to 570 Ma,
widespread arc-related magmatism occurred in the Avalon terranes in arc or near-arc

environments (O’Brien ef al., 1999). Magmatism during ca. 590-570 Ma resulted in calc-




alkaline and tholeiitic volcanic rocks, as well as calc-alkaline intrusions, whereas alkaline
to peralkaline volcanic and intrusive rocks were produced during ca. 570 to 550 Ma
(O’Brien et al., 1996).

On the Burin Peninsula, the ca. 590-565 Ma Marystown Group represents a period
of episodic and regionally extensive arc-related volcanism (O’Brien ef al., 1999). The
Marystown Group is composed of calc-alkaline and tholeiitic subaerial volcanic rocks,
with compositions ranging from basalt to rhyolite, and an upper sequence of continental
alkaline basalts and rhyolites (O’Brien et al., 1999). These rocks have been intruded by
numerous plutons of ca. 580-570 Ma-aged granite, diorite and gabbro (O’Brien et al.,
1999). Dated rocks from the Marystown Group include a 620 +20/-7 Ma ash-flow tuff
(Krogh et al., 1988) and a ca. 572 Ma pyroclastic rock (Ketchum, unpublished data, 1998,
in O’Brien ef al., 1999). Volcanism in the Marystown Group was followed by the marine
volcano-sedimentary successions of the Musgravetown and Long Harbour Groups. |
Rhyolites from the base and top of the Long Harbour Group were dated at 568 + 5 Ma
and 552 + 3 Ma, respectively (Tucker, unpublished data, O’Brien et al., 1994) and
rhyolite from the base of the Musgravetown Group was dated at 570 +5/-3 Ma (O’Brien
et al., 1989).

The Musgravetown Group extends to the Bonavista Bay area, where it is locally
unconformable on the Connecting Point Group (O’Brien, 1993). The Louil Hills
Intrusive Suite intrudes sub-Musgravetown Group strata in the Bonavista Bay area, and is
interpreted to be comagmatic with Musgravetown Group volcanism (O’Brien et al.,
1989). The Louil Hills Intrusive Suite consists of peralkaline granite, dated at 572 +3/-2

Ma, related felsic dykes, gabbro and diabase dykes (O’Brien et al., 1989).




On the Connaigre Peninsu‘la, the ca. 570-550 deposition of the Long Harbour
Group was accompanied by nearly coeval intrusions of granite, granodiorite, diorite and
gabbro. These intrusions include the ca. 570 Ma Hardy’s Cove, Harbour Breton and
Grole intrusive suites, which intrude the Connaigre Bay Group and Tickle Point
Formation (O’Brien et al., 1995).

In the basement inlier in the Hermitage Flexure region, post-590 Ma magmatism
includes a 584 +7/-6 Ma granodiorite that was emplaced into the Cinq Cerf Gneiss
(Valverde-Vaquero ef al., 2006). The granodiorite intrusion coincided with deposition of
the volcano-sedimentary Whittle Hill Sandstone and Third Pond Tuff sequence. This
succession consists of conglomerate grading upward into sandstone and distal turbidites
with felsic volcanic interbeds (Whittle Hill Sandstone) overlain by submarine mafic and
felsic tuffs (Third Pond Tuff) (Dubé ef al., 1998). Felsic volcanic rocks from this
sequence were dated at 583 +7/-3 Ma and 585 + 5 Ma (Dubé et al.,, 1998). These rocks
were followed by ca. 576-562 Ma felsic intrusions of the Roti Intrusive Suite, which were
emplaced along the tectonic boundary between the Whittle Hill Sandstone — Third Pond
Tuff sequence and the Cinq Cerf Gneiss (O’ Brien, 1987, 1988: O’Brien ef al., 1991;
Dunning and O’Brien. 1989).

Post-590 Ma magmatic events on the Avalon Peninsula include the arc-related,
subaerial, mainly felsic volcanic rocks of the Manuels Volcanic Suite, which were
deposited at about 584 Ma along the eastern margin of the Holyrood Horst (Sparkes,
2005). The ca. 582-and-younger marine siliciclastic strata and submarine mafic volcanic
rocks of the Wych Hazel Pond Complex occur along the eastern margin of the Holyrood

Horst and along the east coast of Conception Bay (Sparkes, 2006). These rocks are




overlain by the shallowing-upward siliciclastic sequence of the Conception, St. John’s
and Signal Hill Groups, which record a transition from a deep marine to a deltaic
environment and then to an alluvial fan setting (King, 1990). The 565 + 3 Ma age of a
tuff bed near the top of the Conception Group (G. Dunning, 1988, unpublished data;
Benus, in King 1988) provides the older age limit on the St. John’s and Signal Hill

Groups.

1.3. Overview of the Geology of the Avalon Peninsula

Major lithostratigraphic subdivisions of the Avalon Peninsula were carried out by
early geological studies, including those of Jukes (1843), Murray (1869), Murray and
Howley (1881), Bell (1892), Walcott (1900), Howley (1907) and Buddington (1916).
Subsequent, regional-scale geological studies of the Avalon Peninsula include the maps
and reports of Rose (1952), Hutchinson (1953), McCartney (1967), Hsu (1975), Williams
and King (1979) and King (1988, 1990). As shown by Figure 1.2, the Avalon Peninsula
consists of Neoproterozoic volcanic, sedimentary and plutonic rocks, locally
unconformably overlain by a Cambrian to earliest Ordovician sedimentary cover
sequence.

The Avalon Peninsula has undergone a southward-plunging, north-south-trending
regional uplift, referred to as the Holyrood Horst (McCartney, 1969; O’Brien et al.,
2001). This structural feature divides the Avalon Peninsula into the lithotectonically
distinct western, central and eastern blocks (Papezik, 1969, 1970). The centre of the
Holyrood Horst is composed of subaerial felsic and mafic volcanic rocks of late

Neoproterozoic age (ca. 730 to 580 Ma; O’Brien ef al., 1997, 2001), which were once
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considered to be part of the Harbour Main Group of Rose (1952). Also within the
Holyrood Horst are ca. 620 Ma felsic intrusive rocks, referred to as the Holyrood
Intrusive Suite by King (1988) and the coeval White Hills Intrusive Suite of Sparkes er al.
(2005). Adjacent to the Holyrood Horst are younger siliciclastic rocks of Neoproterozoic
age, including the turbiditic Conception Group, the basinal-deltaic St. John’s Group and
the molasse-like Signal Hill Group (King, 1990). These rocks are overlain by remnants

of a Cambrian-Ordovican platformal cover sequence that contain Atlantic-realm trilobites

(King, 1990).

1.4. Geology of the NE Avalon Peninsula

1.4.1. Previous Work

In early geological studies of the Avalon Peninsula, the Neoproterozoic volcanic
rocks were considered a stratigraphically continuous volcanic sequence, and were
grouped under the Harbour Main Group of Rose (1952). The plutonic rocks in the region
of the Holyrood Horst were believed to be coeval with the volcanic rocks, and were
grouped together as the Holyrood Batholith (Rose, 1952), the Holyrood Plutonic Series
(McCartney, 1967) or the Holyrood Intrusive Suite (King, 1988). In addition, siliciclastic
rocks both inside and outside the Holyrood Horst were included in the Conception Group,
forming the basal strata of the shoaling-upward succession of the Conception, St. John's
and Signal Hill groups. However, several workers (e.g. Rose, 1952; O’Brien ef al., 2001)
recognized conflicting geological relationships in earlier interpretations, and suspected
that the Neoproterozoic succession on the Avalon Peninsula was formed by numerous

periods of volcanism, sedimentation and plutonism over considerable time. As noted by
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O’Brien et al. (2001), this model was supported by the complex and prolonged magmatic
and lithostratigraphic evolution of western portions of the Avalon Zone in Newfoundland
during the late Proterozoic (e.g. O’Brien ef al., 1995).

To investigate the Neoproterozoic rocks on the Avalon Peninsula in more detail, a
bedrock mapping program was carried out in 2000 by the Geological Survey of
Newfoundland and Labrador, at 1:50 000 scale, on the east-central Avalon Peninsula
(NTS map areas 1N/3, 6, 7 and 11). The results of this mapping and corresponding
geochronological data, reported in O’Brien ef a/. (2001), began a major revision of
existing interpretations of the plutonic and volcano-stratigraphic development of the
Avalon Peninsula.

East of the Topsail Fault, the Harbour Main Group was lithostratigraphically
subdivided by King (1990) into the St. Phillips, Princes Lookout and Portugal Cove
formations. O’Brien ef al. (2001) divided the Neoproterozoic volcanic rocks west of the
Topsail Fault into six regionally mappable units. These units are not only
lithostratigraphically distinct, but their range in absolute age is about 160 Ma (O’Brien et
al.,2001). From oldest to youngest, they are: Hawke Hills Tuff, Triangle Andesite, Peak
Tuff, Blue Hills Basalt, Manuels Volcanic Suite (MVS) and Wych Hazel Pond Complex
(WHPC). Dated at 729 + 7 Ma (Israel, 1998), the Hawke Hills Tuff represents the oldest
known rock unit on the Avalon Peninsula. Subaerial rocks in the MVS host high-
sulphidation style, pyrophyllite-diaspore alteration and low-sulphidation style, Au-Ag
mineralization (e.g. O’Brien ef al., 1998). The ash-flow tuffs that host the pyrophyllite

deposit in the Oval Pit Mine near Manuels were dated at 584 + 2 Ma (later revised to 584
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+ 1 Ma by Sparkes et al., 2005), providing an older age limit on the high-sulphidation
system in the MVS (O’Brien et al., 2001).

O’Brien ef al. (2001) also determined that marine, turbiditic sedimentary rocks
that are preserved in synclinal keels within the Holyrood Horst are older than the
Neoproterozoic volcanic succession, and cannot be correlated with the Conception Group.
On the east shore of Holyrood Bay, there is a conglomerate bed that contains granite
clasts at the base of the marine sedimentary rocks. A rhyolitic tuff that overlies this
unconformity was dated at 621 +5/-4 Ma (Israel, 1998), which indicates that the marine
succession is up to 40 Ma older than the Neoproterozoic volcanic sequence (O’Brien et
al., 2001).

O’Brien et al. (2001) separated the Holyrood Intrusive Suite (HIS) of King (1988)
into several distinct plutons according to age and lithology. These include, from oldest to
youngest: 640 Ma monzonites, 635 — 630 Ma quartz-feldspar porphyries; 625 — 620 Ma
quartz-rich granites and hydrothermally-altered post-620 Ma felsic intrusions.
Historically, HIS magmatism was viewed as the heat source responsible for the
development of epithermal alteration systems in the MVS (e.g. Rose, 1952; McCartney,
1967, 1969; Hughes and Briickner, 1971). However, the emplacement of these magmas
pre-dated the ca. 585 Ma ash-flow tuffs that host the high-sulphidation style alteration
system. Therefore, the heat that fuelled the epithermal systems cannot be attributed to the
HIS, and must have been provided by younger magmatism (O’Brien ef al., 2001).

A study of the timing and setting of the epithermal systems and their relationship

to gold mineralization on the eastern margin of the Holyrood Horst in the Eastern Avalon

High Alumina Belt was carried out as a M. Sc. thesis by G. Sparkes (2005). The results
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of this work, together with data from previous studies of the east-central Avalon
Peninsula by the Geological Survey of Newfoundland and Labrador, are reported in
Sparkes (2005) and Sparkes et al. (2004, 2005). This study also determined U/Pb zircon
ages for nine different rock units along the eastern margin of the Holyrood Horst and
developed a revised interpretation of the tectonomagmatic evolution of the Eastern
Avalon High Alumina Belt.

The age of a granite from the HIS was found to be 622.5 £ 1.3 Ma (Sparkes et al.,
2005; modified from O’Brien et al., 2001), in agreement with previously determined ages
of 622 + 2 Ma (Sparkes ef al., 2002) and 620 + 2 Ma (Krogh et al., 1988) from granites
elsewhere in the suite.. On the eastern margin of the Holyrood Horst, monzonite,
porphyry and silica-altered pyritic granite were assigned to the White Hills Intrusive Suite
(WHIS), which shares a faulted or inferred intrusive contact with the HIS (Sparkes et al.,
2004; Sparkes, 2005). Sparkes et al. (2005) determined several U/Pb zircon ages in the
WHIS, ranging frdm 625 + 2.5 Ma to 614 + 2 Ma, demonstrating that magmatism in the
WHIS was coeval with much of the magmatism in the HIS.

In addition, Sparkes et al. (2005) reported U/Pb age constraints on the regional
high- and low-sulphidation style epithermal systems. The older age limit to the high-
sulphidation system was provided by the 584 + 1 Ma crystallization age of a felsic
volcanic rock from the MVS, collected from the core of the alteration zone in the Oval Pit
Mine (O’Brien et al., 2001; revised by Sparkes et al., 2005). The advanced argillic
alteration zone is overlain by sedimentary rocks belonging to the WHPC, which contain
clasts of L;ndeformed pyrophyllite-diaspore alteration (Sparkes ef al., 2005). A younger

age limit of 582 + 1.5 Ma for the high-sulphidation style alteration was determined by
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Sparkes et al. (2005), from an unaltered pumiceous tuff that overlies the basal
conglomerate of the WHPC. Thus, the formation, uplift and erosion of the high-
sulphidation system occurred from ca. 585 to 580.5 Ma (Sparkes et al., 2005).

A crystal rich ash-flow tuff provided the older age limit for the low-sulphidation
style alteration system, at 582 + 4 Ma (Sparkes et al., 2005). The low-sulphidation style
epithermal system is believed to have ceased by the early Cambrian, which is the age of
fossils found in overlying platformal sedimentary rocks that contain low-sulphidation
style epithermal clasts (Sparkes ef al., 2005).

U/Pb geochronological work by Sparkes ef al. (2005) and earlier studies (e.g.

O’Brien et al., 2001) demonstrated that the ca. 625 to 620 Ma magmatism of the HIS and

associated WHIS pre-dated the development of the high-sulphidation style epithermal
system between 585 to 580.5 Ma. However, younger magmatism exists in the region, in
the form of feldspar porphyry intrusions hosted by sedimentary rocks of the WHPC that
overlie the 582 + 1.5 Ma pumiceous tuff above the high-sulphidation style epithermal
system (Sparkes, 2005). One such intrusion from the eastern margin of the Holyrood
Horst, east of Manuels River, was dated by Sparkes (2005) at 585 + 5 Ma. This age
overlaps with the 582 + 4 Ma eruption age of the ash-flow tuff that hosts low-sulphidation
veining. Therefore, the magmatism that resulted in feldspar porphyry intrusions may be
linked to the low-sulphidation alteration system: (Sparkes ef al., 2005). Nevertheless, the
source of heat and fluid for the high-sulphidation style alteration system remains
uncertain.

Sparkes et al. (2005) recognized the potential for Au-bearing low-sulphidation

epithermal vein systems on both the east and west margins of the Holyrood Horst,
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particularly in areas with major faults, and/or regions that host post-620 Neoproterozoic
porphyry intrusions. In part to evaluate the potential for mineralization, the Geological
Survey of Newfoundland and Labrador embarked on a 1:25 000-scale regional mapping
program during the summer of 2005. The study area is approximately 38 X 6 km, and
extends along the east coast of Conception Bay, from Topsail northeast to Cape St.
Francis. Another goal of this mapping project was to determine the northeastern extent of
the geological units defined by O’Brien ef al. (2001) west of the Topsail Fault.

The results of this project were reported in Sparkes (2006), together with updated
mapping, and the'northem portion of this map is shown in Figure 1.3. Sparkes (20006)
confirmed that many of the units described by O’Brien et al. (2001) and Sparkes (2005)
extend across the Topsail Fault up to Cape St. Francis, including the subaerial felsic
volcanic rocks of the White Mountain Volcanic Suite, the felsic plutonic rocks of the HIS
and the sedimentary and submarine mafic volcanic rocks of the WHPC.

Along the northeast coast of Conception Bay, the sedimentary and epidote-rich
mafic volcanic rocks of the WHPC host diorite intrusions, informally-named the Herring
Cove Diorite (HCD) by Sparkes (2006). In addition, the newly-recognized and
informally named Horse Cove Complex (HCC) (Sparkes, 2006) consists of a swarm of
mafic to felsic dykes hosted by the WHPC and, locally, by the HCD. The HCC extends
along the east coast of Conception Bay, coincident with the extrapolated trace of the
Topsail Fault, and corresponds to the St. Phillips Formation in the Harbour Main Group
of King (1990). The youngest magmatism documented by Sparkes (2000) is that of the
gabbroic intrusions of the Beaver Hat Intrusive Suite (BHIS). These intrusions display a

close spatial association with the regional trace of the Topsail Fault. The BHIS locally
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Figure 1.3: Geology of the Cape St. Francis area on the NE Avalon Peninsula in
Newfoundland (Sparkes, 2006). The study area for this thesis is outlined in red.
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Late Neoproterozoic

Beaver Hat Intrusive Suite
- Fine- to coarse-grained, massive gabbro

Conception Group

- Mannings Hill Member: Grey to dark green, medium- to coarse-grained sandstone and
interbedded siltstone with minor chert

Torbay Member: Dark green, medium-grained sandstone, locally interbedded with Mannings Hill
and Bauline Line Members; dotted pattern indicates siltstone interbedded with brown-weathering
sandstone

Horse Cove Complex

| - Mafic to felsic swarm within submarine mafic volcanic rocks, volcaniclastic sandstone and diorite

Herring Cove Diorite
- Fine- to medium-grained, massive diorite

Wych Hazel Pond Complex

|| Hematite-rich massive and pillowed basalt with rafts of siltstone and sandstone

Epidote-rich massive to locally-pillowed basalt

- Siltstone interbedded with sandstone and minor pumiceous tuff

Flow-banded rhyolite

Holyrood Intrusive Suite
Pink-white-green-weathering, equigranular to quartz-phyric granite

Crystal-rich lapilli tuff

White Mountain Volcanic Suite
Rhyolite and minor fiamme-bearing ash-flow tuff
|
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Geological contact (defined, approximate, assumed, gradational)~~ -~ .-

| Fault (defined, approximate, assumed) A )
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Thrust fault (approximate) g

Figure 1.3 (continued): Legend for the regional geological map of the NE Avalon
Peninsula (Sparkes, 2006).
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intrudes the Mannings Hill Member of the late Neoproterozoic Conception Group, which
is the stratigraphically highest unit exposed in the study area of Sparkes (2006). The
BHIS is the youngest intrusive event yet identified on the NE Avalon Peninsula.

Sparkes (2006) acknowledged the ca. 580 Ma or younger HCD as a possible heat
source for the low-sulphidation style epithermal system east of the Topsail Fault, since
other candidates either pre-date or post-date the development of the alteration system. In
addition, the occurrence of Au-bearing chalcedonic silica veins in the White Mountain
Volcanic Suite east of the Topsail Fault illustrates the broad extent of low-sulphidation

style alteration (Sparkes, 2006).

1.4.2. Summary of the magmatic and stratigraphic evolution of the NE

Avalon Peninsula

The current interpretation of the tectonomagmatic development of the NE Avalon
Peninsula is summarized in O’Brien et al. (2001), Sparkes (2005), Sparkes et al. (2005)
and Sparkes (2006). The oldest rocks in the region are represented by the ca. 730 Ma
felsic to intermediate volcanic succession of the Hawke Hills Tuff, which occupies the
central and western portions of the Holyrood Horst. These rocks are bounded by younger
intrusions that have been grouped into the HIS, including monzonite (640 + 2 Ma;
O’Brien et al., 2001) and quartz-feldspar porphyry (631 + 2 Ma; Krogh et al., 1988). The
Hawke Hills Tuff is associated with the Triangle Andesite, the Peak Tuff and the Blue
Hills Basalt. The minimum age of the Triangle Andesite is provided by the 640 + 2 Ma
U/Pb age (O’Brien et al., 2001) of a cross-cutting monzonitic pluton. Felsic volcanic

rocks in the Peak Tuff provided an age of 606 + 2 Ma (Krogh ef al., 1988; O’Brien et al.,
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2001), which also represents the lower age limit of the overlying Blue Hills Basalt. On
the eastern margin of the Holyrood Horst, an ash-flow tuff of the White Mountain
Volcanic Suite yielded an age of 616 + 2 Ma (Sparkes, 2005).

The most widespread plutonism in the NE Avalon region consists of quartz-rich
granite of the HIS, which occupies much of the Holyrood Horst. Rocks from this pluton
have been dated at 620 + 2 Ma (Krogh ef al., 1988), 622 + 2 Ma (Sparkes et al., 2002)
and 622.5 + 1.3 Ma (O’Brien et al., 2001; modified by Sparkes, 2005). The ca. 620 Ma
intrusion of the HIS is believed to have driven hydrothermal alteration and related, syn-
magmatic Au-bearing hydrothermal breccias (O’ Brien et al., 1998; Sparkes et al., 2002).
Several similarly-aged felsic plutonic rocks were dated in the WHIS on the eastern
margin of the Holyrood Horst. These rocks include monzonite, granite and quartz-
feldspar porphyry, which range in age from 625 £ 2.5 Ma to 614 + 2 Ma (Sparkes, 2005).
Together, the volcanic and plutonic rocks in the region of the Holyrood Horst represent
ongoing plutonic and volcanic activity in an arc setting (King, 1988; Sparkes, 2005) from
about 640 Ma to 606 Ma. Since the ca. 730 Ma Hawke Hills Tuff is locally intruded by
HIS plutonic rocks, it is believed to represent the volcanic covering to subsequent
volcano-plutoniclar.c magmatism (Sparkes, 2005). -

Marine siliciclastic rocks appear to have been deposited in the region of the
Holyrood Horst after the Hawke Hills Tuff and approximately coeval with the ca. 620 Ma
magmatism of the HIS (O’Brien ef al., 2001). These turbiditic strata lie unconformably
on the Hawke Hills Tuff and share either intrusive or unconformable contacts with
plutonic focks, and a rhyolitic tuff bed above a basal unconformity was dated at 621 +5/-4

Ma (Israel, 1998).
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Younger subaerial, predominantly felsic volcanic rocks and ash-flow tufts of the
MVS occur along the eastern margin of the Holyrood Horst (Sparkes, 2005). A rhyolite
that was collected from a zone of advanced argillic alteration in the MVS was dated at
584 + 1 Ma, and an ash-flow tuff that contains low-sulphidation veins yielded an age of
584 + 4 Ma (Sparkes, 2005). Thus, in the region of the Holyrood Horst, there was a gap
in ﬁagnati51n between the volcano-plutonic arc magmatism of about 640 to 606 Ma, and
the onset of volcanism in the MVS at about 584 Ma.

Faulting appears to have occurred on a regional scale prior to the deposition of the
overlying Cambrian cover sequence, resulting in the formation of the Mine Hill Shear
Zone. Magmatic activity associated with the formation of the MVS is believed to have
driven the convection of hydrothermal fluids along faults, concentrating fluids in the
Mine Hill Shear Zone and causing the associated .advanced argillic, high-sulphidation
style alteration (Sparkes, 2005).

Arc-related volcanism began to wane between about 584 Ma and 582 Ma, as
supported by the transition from the felsic volcanic rocks and tuffs of the MVS to the
volcano-sedimentary succession of the WHPC (O’Brien ef al., 2001; Sparkes, 2005,
2006). During this period, significant erosion occurred and extensional stresses appear to
have initiated normal faulting along the Mine Hill Shear Zone. This contributed to the
present-day preservation of the MVS and its associated high-sulphidation alteration,
whereas the volcanic rocks west of the Mine Hill Shear Zone were significantly eroded,
exposing the lower-level HIS (Sparkes, 2005).

Ongoing extensional stresses appear to have caused submergence of the old arc

complex and the creation of a Neoproterozoic basin that was infilled by the volcano-
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sedimentary rocks of the WHPC. These rocks occur along the eastern margin of the

'Holyrood Horst, and extend east of the Topsail Fault and north to Cape St. Francis

(Sparkes, 2006). The WHPC consists of siliceous sandstone and siltstone intercalated
with mafic volcanic rocks, including pillowed basalt. In the lower WHPC, an ash-flow
tuff near the base of the sedimentary succession that overlies high-sulphidation style
alteration in the Oval Pit mine was dated at 582 + 1.5 Ma (Sparkes, 2005).

East of the Topsail Fault and along the east coast of Conception Bay, the WHPC
hosts intrusions of the HCD (Sparkes, 2006). Since the HCD exhibits similar trace-
element patterns to those of the ca. 620 volcanic arc granites in the HIS, it 1s possible that
the HCD represents a late pulse of volcanic arc magmatism with a similar source region
to that of the HIS (Sparkes et al., 2007). The HCD and the mafic volcanic rocks of the
WHPC host a mafic-to-felsic dyke swarm that appears to follow the extrapolated trace of
the Topsail Fault along the east coast of Conception Bay (Sparkes, 2006). This composite
unit is the newly-recognized Horse Cove Complex, and its role in the tectonomagmatic
history of the NE Avalon Peninsula is explored in this thesis.

Submarine mafic volcanism and sedimentation in the WHPC was followed by a
succession of Neoproterozoic siliciclastic sedimentary rocks: the Conception, St. John’s
and Signal Hill groups. The stratigraphy of these rocks is described in Williams and King
(1979) and King (1990). The Conception Group records a period of basinal
sedimentation, dominated by south-flowing turbidity flows and intermittent felsic
pyroclastic activity. King (1990) suggested that the felsic volcanic rocks in the former

Harbour Main Group along the east coast of Conception Bay, including the rhyolite
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domes at Cape St. Francis, represent the source of pyroclastic material in the Conception
Group.

The occurrence of tuff interbeds within the package of Neoproterozoic sediments
provides opportunities for precise dating, although limited data currently exist. A U/Pb
zircon age of 565 + 3 Ma (G. Dunning, unpublished data; Benus, 1988) was determined
on a tuff bed that covers a fossiliferous surface in the Mistaken Point Formation near the
top of the Conception Group on the southern Avalon Peninsula. This age provides an
older age limit for the overlying St. John’s and Signal Hill groups. Tuff beds in the
glaciogenic Gaskiers Formation near the base of the Conception Group on the southern
Avalon Peninsula were dated at ca. 580 Ma (Bowring ef al., 2003). Stratigraphically and
sedimentologically, the Gaskier’s Formation is comparable to the Bauline Line Member
on the NE Avalon Peninsula, although no glaciogenic deposits have been found in the
Bauline Line Member (King, 1990). Thus, the Conception Group on the NE Avalon
Peninsula may also be as old as ca. 580.

The Conception Group is conformably overlain by shallowing-upward, fluvial-
dominated, basinal-deltaic sedimentation in the St. John’s Group. These strata are
conformably overlain by the Signal Hill Group, which records the transition from a
shallow marine environment to an alluvial fan. Tuff beds also occur locally in the St.
John’s and Signal Hill groups. The transition from the deep basin environment of the
WHPC and Conception Group to the shallow marine and alluvial fan settings of the St.
John’s and Signal Hill groups, respectively, reflects a significant change from an
extensional to compressional tectonic setting. The Signal Hill Group represents molasse-

like deposits that resulted from tectonic uplift associated with the formation of a mountain
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belt adjacent to the northern edge of the present-day Avalon Peninsula during the late
Neoproterozoic Avalonian orogeny (King, 1990).

While the volcanic and sedimentary rocks west of the Topsail Fault lack a
penetrative fabric, except in areas of argillic alteration, equivalent rocks east of the
Topsail Fault are characterized by east-directed regional thrusting and penetrative
foliation, indicative of regional compressional stresses (Sparkes, 2006). This deformation
is probably related to east-directed thrusting and folding in the Flat Rock area, which has
been attributed to the late Neoproterozoic Avalonian Orogeny (Calon, 2005). Strain
along the Topsail Fault is believed to have formed a zone of penetrative, NE-trending
foliation adjacent to the extrapolated trace of the Topsail Fault along the east coast of
Conception Bay (Rose, 1952; King, 1988; Sparkes, 2006). The Topsail Fault has a
complex deformational history, including oblique-slip and reverse-slip movements (Rose,
1952) and dextral, sinistral, horizontal and vertical motions (Sparkes, 2006). Numerous
faults on the NE Avalon Peninsula are interpreted as splays from the Topsail Fault. For
example, the White Mountain Volcanic Suite has been thrust eastward along the Pouch
Cove River Fault over the WHPC (Sparkes, 2006), and sedimentary rocks of the WHPC
have been thrust over those of the Conception Group (King, 1990; Smith, 1987). The
older age limit for the onset of late Neoproterozoic deformation on the NE Avalon
Peninsula is provided by the U/Pb age of a pumiceous ash-flow tuff at the base of the
WHPC, dated at 582 + 1.5 Ma (Sparkes, 2005, 2006).

Faulting ciuring this period of compression is presumed to have exposed the
Neoproterozoic succession of plutonic and volcanic rocks from underneath the WHPC

succession (King, 1990; Sparkes, 2005). Erosion of the exposed volcanic and plutonic

25




rocks may be recorded in the Cabot Tower Member of the Signal Hill Group, in which up
to 85% of clasts are rhyolite, rhyolite porphyry and ignimbrite and up to 10% are granite.
King (1990) indicates that the granite clasts are comparable to the HIS granite, and that
the felsic volcanic clasts are similar to the felsic volcanic rocks in the former Harbour
Main Group.

The youngest identified intrusive event on the NE Avalon Peninsula consists of
gabbroic dykes and plutons in the BHIS (Sparkes, 2006). These intrusions occur on the
northern portion of the NE Avalon Peninsula, and cross-cut folded siliciclastic rocks of
the Mannings Hill Member in the Conception Group (King, 1990; Sparkes, 20006).
Similar intrusions were also recognized further south, near Manuels (Sparkes et al., 2005)
and in the Topsail Bluff area south of Portugal Cove (the Dogberry Hill Gabbro; King,
1990). Since the Mannings Hill Member lies in the Drook Formation, stratigraphically
above the ca. 580 Ma Gaskiers Formation (Bowring et al., 2003), the BHIS appears to be
younger than ca. 580 Ma. Lithological and geochemical similarities between the BHIS
and HCD suggest that they are co-genetic, and that they share a volcanic arc-related
source region that is similar to that of the HIS granite (Sparkes ef al., 2007). Because

intrusions of the BHIS cross-cut folded strata of the Conception Group near Cape St.
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Francis, the emplacement of BHIS represents the younger age limit on the late

Neoproterozoic deformation associated with the Avalonian Orogeny (Sparkes, 2006).

However, an attempt at U/Pb zircon geochronology of the BHIS yielded no datable
minerals (G. Sparkes and G. Dunning, personal communication).

The late Neoproterozoic package of volcanic, plutonic and sedimentary rocks on

the NE Avalon Peninsula is overlain by remnants of a fossiliferous Cambrian-Ordovician




platformal cover sequence (King, 1990). On the south coast of Concepti’on Bay, these
strata unconformably overlie Neoproterozoic volcanic and plutonic rocks in the Manuels
River area (King, 1990). Minor magmatism is associated with the Cambrian-Ordovician
cover sequence, in fhe form of Middle Cambrian alkaline basaltic pillow lavas, tuffs and
gabbroic intrusions in the Cape St. Mary’s area on the southern Avalon Peninsula
(Greenough and Papezik, 1985).

Because the Cambrian-Ordovician succession is generally undeformed, the main

phase of late Neoproterozoic deformation is believed to have ceased by the onset of the |
Cambrian at ca. 542 Ma (International Commission on Stratigraphy,
www.stratigraphy.org). This is supported by Y Ar-*Ar data for sericite from the Mine
Hill Shear Zone, which dated the last deformation event at 537 + 3 Ma (Sparkes, 2005).
However, isolated zones of deformation in the Cambrian strata west of the Topsail Fault
(O’Brien, 2002; Sparkes ef al., 2004; Sparkes, 2005), and in Lower to Middle Cambrian
shales along the Topsail Fault itself (Rose, 1952; Boyce and Hayes, 1991), indicate that

localized deformation continued into the Cambrian.

1.5. Geology of the Horse Cove Complex

The dykes of the HCC are hosted by the ca. 580 Ma or younger HCD and the
mafic volcanic rocks of the WHPC. The dyke swarm has an approximate strike length of
22 km along the east coast of Conception Bay, from south of Portugal Cove to north of
Bauline. In the Bauline area, the dykes in the HCC are predominantly hosted by the

HCD, and the absencé of dykes east of Bauline marks a gradational contact between the

two units (Sparkes, 2006). The dykes are characterized by sharp intrusive contacts with
27
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chilled margins, and range in width from less than 20 cm to greater than 2 m (Sparkes,
2006). Several generations of dykes were mapped by Sparkes (2006), including, from
oldest to youngest: diabase, feldspar porphyry, feldspar-phyric mafic dykes, énd fine-
grained, magnetic mafic dykes. Sparkes (2006) also recognized rare granitic dykes and
flow-banded rhyolite. Preliminary geochemical results from Sparkes et al. (2007)
showed that the mafic dykes sampled in the HCC have similar chemistry to mafic
volcanic rocks from the WHPC. This implies that at least some of the mafic dykes served
as feeder conduits to higher-level volcanism (Sparkes et al., 2007).

However, after several regional geological studies that included the east coast of
Conception Bay (e.g. Rose, 1952; Hsu, 1975; King, 1988, 1990; Sparkes, 2006; Sparkes
et al., 2007), the role of the HCC in the tectonic history of the Avalon Peninsula remained
uncertain. The iptemal complexity and intrusive relationships within the HCC had not
been studied in detail, and although the dykes were known to be younger than their ca.
580 Ma host rocks, the age of magmatism in the HCC remained undetermined. The
geochemistry of the HCC had been investigated on a preliminary basis, but with no
detailed mapping in the HCC, the geochemical data could not be linked to the complex
magmatic development of the composite unit. Interpretations of the tectonomagmatic
history of the HCC were also limited by the lack of extended trace element data.

The age of the HCC may have significant implications for the current geological
interpretation of the NE Avalon Peninsula. For instance, magmatism in the HCC may be
contemporaneous with magmatism elsewhere in the region, or it may be significantly
younger. For example, Cambrian-aged magmatism has been identified in the Cape St.

Mary’s region (Greenough and Papezik, 1985) but has not yet been documented on the
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NE Avalon Peninsula. An age determination for the dykes may also help to constrain the
source of heat and fluids for the 585 to 580.5 Ma high-sulphidation style epithermal
system hosted by the MVS.

A study of the age, geochemistry and geological history of the HCC may allow
correlations with other rocks in the NE Avalon region. For example, the feldspar
porphyry intrusions in the HCC are lithologically indistinguishable from feldspar
porphyry intrusions hosted by the WHPC on the eastern margin of the Holyrood Horst
(Sparkes, 2006). As well, mafic-to-intermediate magmatism in the HCC may be
comparable to other magmatic events on the NE Avalon Peninsula, including the WHPC
basalts, the HCD and the gabbroic BHIS, which represents the youngest identified
intrusive event in the region (Sparkes, 2006). Understanding the relationships between
the HCC and previously studied rocks in the region may refine the current understanding

of the tectonomagmatic development of the Avalon Peninsula.

1.6. Project Goals

This study examines the internal complexity, age of magmatism, geochemistry
and geological history of the HCC, and evaluates possible relationships between the HCC
and other magmatic events on the NE Avalon Peninsula. In addition, this study
investigates the role of the HCC in the current interpretation of the tectonic development

of the Avalon Peninsula and the Avalon Zone in Newfoundland.
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1.7. Methods

The town of Bauline was chosen as the study area for this project because the
HCC is well-exposed in extensive coastal outcrops, as well as in numerous rock faces
along the road leading into Bauline and in a quarry directly south of the town. The
location of the study area is shown in Figure 1.3. The excellent exposure and fresh,
lichen-free outcrop surfaces at Bauline allow the internal complexity of the HCC to be
studied in detail. In addition, Bauline is accessible by road, and numerous outcrops are
easily reached on foot. Geological mapping of the HCC focused on three separate areas
of coastal outcrops (Maps 1-3) and three cross-sections along the road cut and quarry
(Sections A-A’, B-B” and C-C’). The maps and cross-sections are displayed on two
posters in the pocket at .the end of this volume: Map 1, the largest map, covers one poster,
and the second poster includes Maps 2-3 and Sections A-A” and C-C’. The locations of
the maps and cross-sections (Figure 1.4), together with outcrop exposure and methods of
mapping, are described below.

For each of the rock units identified during mapping, several thin sections were
analyzed for the purpose of characterizing the mineralogy and textures of each unit and to
allow comparison with other units. Several rock units that had been sepafated on a
preliminary basis in the field have similar field appearances and are so fine-grained that
mineralogy could not be reliably determined with a hand lens. Therefore, thin section
analysis was used to test the field-based division of these rocks. Because the HCC is a
composite unit with multiple intrusive events and complex intrusive relationships, thin
sections were strategically chosen to test the continuity of each rock unit across the study

arca.
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Figure 1.4: A map of the study area in and around the town of Bauline, showing the
approximate locations of Maps 1, 2 and 3 and Sections A-A’, B-B’ and C-C’. The inset
map shows the geology of the northeast coast of Conception Bay by Sparkes (2006), with

the location of the study area marked in red.
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Four key units were selected for U/Pb zircon geochronology to constrain the age
of magmatism in the HCC. These units have well-defined field relationships, and include
the youngest and oldest interpreted intrusions. They were analyzed using the chemical
abrasion TIMS method (Mattinson, 2005) at Memorial University of Newfoundland.
Sample preparation and analytical methods for U/Pb zircon geochronology are provided
in Appendix B.

Sixty-six of the samples that were studied in thin section were chosen for whole-
rock geochemical analysis. These samples were selected from Maps 1-3 because these
areas have the most lithological variety and the best constrained field relationships.
According to field relationships and petrography, these samples are representative of each
rock unit in the study area. The rocks were analyzed for major and trace eléments,
including the REE, using the fusion ICP-MS method at Actlabs. Sample preparation and
analytical methods for whole-rock geochemistry are provided in Appendix C. Whole-
rock geochemistry was used to characterize each rock unit and identify igneous trends
within the HCC. Geochemistry was also used to investigate source characteristics and the
paleotectonic environment of the HCC. In addition, the geochemistry of the HCC was
compared to that of selected rocks on the NE Avalon Peninsula that have been analyzed
in previous studies (e.g. Sparkes, 2005; Sparkes et al., 2007).

To further investigate the source characteristics of the HCC, seven samples were
selected from the HCC for Nd isotopic analysis. The selection criteria for this limited
sample set are explained in Chapter 4. Nd isotopic analysis was carried out at the TIMS
lab at Memorial University of Newfoundland, and the analyticial methods are provided in

Appendix F.
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Lastly, all the findings from this study, including field relationships, U/Pb zircon
ages, whole-rock geochemistry data and Nd isotopic data, were combined to reconstruct
the magmatic evolution of the HCC and its role in the tectonic history of the NE Avalon

Peninsula and the Avalon Zone in Newfoundland.

1.8. Mapping

1.8.1. Methods

Maps 1-3 represent three areas of coastal outcrops in the Bauline area that were
mapped in detail using a grid-style. Each map area was carefully selected for maximum
outcrop exposure, minimum weathering and lichen-cover, and for the lithological
complexity that characterizes the HCC. The perimeter of each map was measured and
marked with flagging tape, the bearings of the perimeter were measured, and UTM
coordinates were determined for the corners of each map. The interior of each map area
was marked at regular intervals to form a grid. For each map, the geology of each square
of the grid was sketched and described in detail on gridded paper, including the locations
of samples and field photographs. Each sheet of gridded paper was then scanned, and the
resulting image was imported into Adobe Photoshop. The images were stitched together
td form a mosaic of each map. Each mosaic of images, representing the geology of the
mapped area, was imported into MapInfo and geo-referenced in using the UTM
coordinates measured in the field. However, the uncertainty of coordinates measured
with the GPS was approximately 7 m. Therefore, to geo-reference the map in Maplnfo,
the coordinates of three corners of the map were calculated using the measured

coordinates of the fourth corner of the map and the bearings of the grid perimeter. Once
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in Maplnfo, the sketched geological contacts on the mosaic of images were digitized,
together with structural data and the locations of samples and field photos. Because most
samples are closely spaced and within the uncertainty on the GPS, the UTM coordinates
of all samples were extracted from the geo-referenced maps in MaplInfo.

The cross-sections were measured and marked at regular intervals with flagging
tape, and UTM coordinates were determined at various points along each section. For
Sections A-A’ and B-B’, overlapping photographs were taken along the cross-section and
the geology was sketched and described on Mylar overlays on top of the photographs.
Due to tall vegetation in front of the quarry walls, Section C-C’ could not be
photographed and was instead sketched in a field notebook. Sketches of Sections A-A’
and C-C’ were scanned, imported into MapInfo and digitized. Section B-B” was not
digitized because the geology and field relationships in this cross-section are not well-

constrained, as discussed below.

1.8.2. Map 1

With an area of 40 X 110 m, Map 1 is the largest map in the study area and covers
west-sloping, partly vegetated terrain directly north of Baﬁline (Figure 1.5a). Itis
oriented NW-SE, oblique to the coastline of Conception Bay and approximately across-
strike to the HCC. Some contacts are inferred because about 40% of Map 1 is covered by
vegetation. In addition, contacts are difficult to see in some outcrops even though there is
a clear change in lithology. This is due to locally developed shear fabrics, and because

many outcrops are lichen-covered and surrounded by soil or ground-covering vegetation




looking north. (b) View of Map 2, looking south. (¢) View from the southwest corner of

i
Figure 1.5: Field photographs of Maps 1-3. (a) View from the southern edge of Map 1,
Map 3, looking east. Hammer in centre of photo is about 30 cm long.
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that is not readily pulled back. Different line styles in Map 1 are used to distinguish

inferred contacts in outcrop from those that are covered by vegetation.

1.8.3. Map 2

Map 2 covers 10 X 35 m of relatively flat coastal outcrops on the western edge of
Bauline, directly east of the breakwater (Figure 1.5b). Map 2 is oriented NE-SW, and its
western edge is bordered by the ocean, resulting in well-exposed outcrops that are wave-
washed and lichen-free. Most contacts are clearly visible, but they are locally inferred

due to pervasive brittle fractures.

1.8.4. Map 3

Map 3 has an area of 10 X 15 m and is located on west-sloping coastline directly
south of Bauline (Figure 1.5¢). Map 3 has nearly 100% outcrop exposure and the
surfaces are lichen-free, resulting in clearly visible contacts. However, contacts are

locally obscured by strong shear fabrics or brittle fractures.

1.8.5. Section A-A’

Section A-A’ is about 51 m long, trends NW-SE and runs parallel to the road into
Bauline. The blasted rock surfaces in Section A-A" (Figure 1.6a) are unweathered and
lichen-free. Contacts are clearly identified, except in localized shear zones and densely

fractured areas.




Figure 1.6: Field photographs of Sections A-A’, B-B” and C-C’. (a) Part of Section A-A’
(30-40 m along-section), viewed from the southwest. (b) The southeast end (80 m) of
Section B-B’, viewed from the southwest. (¢) Part of Section C-C’ (0-20 m along-
section), viewed from the west.




1.8.6. Section B-B’

Section B-B’ is about 360 m long and extends NW-SE along a steeply-dipping
cliff on the NE edge of Bauline (Figure 1.6b). The NW end of this cross-section connects
with the SE corner of Map 1, and the SE end of Section B-B” is about 50 m NE of the
NW end of Section A-A’. Section B-B” was included in the mapping because: (1) the
cliff provides up to 30 m of vertical outcrop and several hundred metres of outcrop along
its base; and (2) together, Map 1 and Sections A-A’ and B-B’ form a complete cross-
section across the strike of the HCC. However, Section B-B” displays less lithological
variety than the other cross-sections. The rocks along Section B-B’ are mostly massive,
fine-to-medium-grained, dark grey- or green-weathering diorite. Mafic dykes and
intrusive relationships between diorite and rare felsic rocks are not easily distinguished
because the cliff is weathered, covered in lichen and exhibits a strong shear fabric.
Therefore, field relationships are not well-constrained along Section B-B’, few samples

were collected and Section B-B’ is not displayed in this study.

1.8.7. Section C-C’

Section C-C” is located in the quarry on the southern edge of Bauline (Figure
1.6¢), about 100 m east of Map 3. Section C-C’ is about 92.5 m long and has an overall
NE-SW trend. Some portions of Section C-C” are covered by vegetation but the outcrop
is unweathered and lichen-free. Contacts and intrusive relationships are therefore clearly

visible except in localized sheared and fractured areas.
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CHAPTER 2: ROCK UNIT DESCRIPTIONS

2.1. Introduction

The rocks at Bauline are divided into eleven lithologic units based on mapping
and petrography. Although the rocks have undergone greenschist-facies metamorphism,
the original igneous minerals have experienced minimal replacement by metamorphic
minerals, and the rocks are grouped according to igneous mineral assemblages and
textures. The distribution of these units is shown on the maps and cross-sections located
in the back inside cover of this volume. Detailed descriptions of the field relationships,
lithology and petrography of each unit are provided below, in the order of oldest to
youngest interpreted ages. This chronological order of rock units, as represented in the
legends for the maps and cross-sections, is an integrated interpretation of intrusive
relationships observed throughout the study area. However, this chronological order is
locally contradicted by some rock units in the dyke swarm due to the episodic
emplacement of dykes that comprise each unit and the essentially coeval emplacement of
certain rock units.

One hundred and seventeen thin sections were obtained from samples collected

from across the study area, including from Sections A-A’, B-B” and C-C’ and from Maps

1,2 and 3. Petrographic descriptions for each thin section are summarized in Appendix

A, including modal proportions of phenocrysts and groundmass minerals, accessory
minerals, grain sizes, textures, foliations and veins. The locations of field photos, thin

sections and photomicrographs referred to in the unit descriptions are shown on maps and




cross-sections, and references to “station #” in the unit descriptions correspond to sample

locations.

2.2. Lithology, field relationships and petrography of rock units in the study area

2.2.1. Granodiorite

2.2.1.1. Lithology and field relationships

This unit is coarse-grained, weathers white or yellowish-white, and its fresh
surface is light greenish-grey. In Maps 1 and 2, granodiorite locally displays a
deformation fabric defined by lozenge-shaped quartz ribbons that are up to 1.5 cm long
(Plate 2.1a). Epidote veins are typically present throughout the unit but are particularly
abundant at contacts, and are in places accompanied by veins of a pink mineral, which
may be hematized albite.

This unit was observed in all grids and sections mapped at Bauline. It occurs as
septa preserved between dykes and intrusions, blocks within diorite and as larger bodies
that host mafic and intermediate dykes. Granodiorite septa occur throughout the study
area and have various shapes and sizes ranging from ~30 cm long blocks (Plate 2.1b) to
much larger slabs, such as the 7 m X 1 m septa in Map 2 and the 2 m wide blocks
exposed in Section C-C’. Chilled margins in mafic and intermediate dykes against
granodiorite septa were observed in areas where such features are not obscured by
shearing, weathering or lichens. For example, hornblende basaltic dykes exhibit chilled
margins against granodiorite septa in Map 2 (Plate 2.1¢), Section A-A’ (Plate 2.1d) and
Section C-C’ (Plate 2.2a). As well, in Section C-C’, a hornblende basaltic dyke contains

pieces of granodiorite (Plate 2.2b).
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Oxide-rich
andesitic dyke

?,

Plate 2.1: Field photographs of granodiorite. (a) ~1.5 cm long quartz ribbons trending
NE-SW. (b) Small blocks of granodiorite between gabbro, an oxide-rich andesitic dyke
and an andesitic dyke (Map 2). Chilled margins in hornblende basaltic dykes against
granodiorite septa in Map 2 (c¢) and Section A-A’ (d).
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Plate 2.2: Field photographs of granodiorite. (a) A chilled margin in a hornblende basaltic
dyke against granodiorite in Section C-C’. (b) An irregular contact between granodiorite
and a hornblende basaltic dyke that contains pieces of granodiorite (Section C-C”). (¢) An
oxide-rich andesitic dyke chilled against granodiorite (Map 3).




In Map 3, granodiorite hosts a network of basaltic, oxide-rich andesitic and
andesitic dykes, many of which exhibit chilled margins (Plate 2.2¢). The most extensive
exposure of granodiorite in the study area is in Map 1, where it forms large bodies, up to
5 m X 23 m in size, that are surrounded by diorite and host basaltic, oxide-rich basaltic,
basaltic-andesitic, hornblende-porphyritic andesitic and andesitic dykes (Plate 2.3a).
Because diorite encompasses these large granodiorite bodies and also contains many
smaller blocks of granodiorite (Plate 2.3b and c), granodiorite appears to have been
intruded by diorite. This interpretation is supported by a subtle chilled margin observed
in diorite against granodiorite (Plate 2.3d).

Granodiorite also appears to predate feldspar porphyry and rhyolitic dykes.
Because granodiorite and feldspar porphyry are usually separated by dykes or diorite, the
contact between these two units is exposed in only two places in the study area: in one
outcrop in Map 1, and along Section B-B". In both places, granodiorite remains coarse-

grained near the contact and feldspar porphyry is a slightly lighter colour at the boundary

(Plate 2.3¢), which suggests that feldspar porphyry postdates granodiorite. Granodiorite
1s in contact with a rhyolitic dyke along Section A-A’, but intrusive relationships are
ambiguous. However, since a rhyolitic dyke cross-cuts feldspar porphyry and diorite in
Map 1, at least one rhyolitic dyke appears to be younger than granodiorite. Field
relationships demonstrate that granodiorite is postdated by feldspar porphyry, diorite and
mafic, intermediate and rhyolitic dykes, and it is therefore interpreted to be the oldest
known unit in the study area. As well, the coarse grain size of granodiorite sets it apart
from the fine-to-medium-grained rocks that comprise the other rock units in the study

area, implying that granodiorite crystallized at a deeper level.
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Plate 2.3: Field photographs of

granodiorite. (a) View of part of Map 1,

looking north, showing several basaltic

dykes hosted by a large body of

granodiorite. The hammer in the centre of

the photo is about 0.7 m long. (b) & (c)
N 0 %« Sheared blocks of granodiorite in diorite

Feldsparg Seg! SRS  (Map 1). (d) Subtle chilled margin in

| porphyrye W P b diorite against granodiorite (Map 1). (e)

\ - B Gl ].v L Contact between granodiorite and feldspar
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2.2.1.2. Petrography

Granodiorite is composed of plagioclase, quartz, alkali feldspar and minor
amounts of epidote, chlorite and actinolite. In thin section, plagioclase occurs as
subhedral blocky laths that are typically ~1 mm long, but may be up to 4 mm long.

Alkali feldspar forms anhedral and subhedral grains that are about the same size as
plagioclase crystals and commonly display cross-hatch twinning (Plate 2.4a) or perthitic
exsolution texture. In samples that have not undergone ductile deformation, quartz occurs
as subhedral crystals and anhedral grains that range in size from about 0.5 to 2 mm and
appear to fill spaces between feldspar grains (Plate 2.4a). Subhedral, tabular-shaped
hornblende crystals were observed in minor amounts in some granodiorite thin sections
(Plate 2.4b). Locally, chlorite, epidote, opaque minerals and actinolite form up to 1.5 mm
long, tabular-shaped aggregates, which are lozenge-shaped in samples that have
undergone ductile deformation (Plate 2.4c). These aggregates comprise less than 2% of
each thin section, and they are interpreted to be pseudomorphs of primary hornblende.
Secondary epidote and chlorite are concentrated at grain boundaries, and also occur as
tiny blebs within feldspars. As well, chlorite and epidote fill fractures and form clots with
opaque minerals.

All samples of granodiorite examined in thin section have undergone various
degrees of brittle deformation. Feldspar crystals commonly contain fractures that result
in offset lamellar twins, and many quartz and feldspar crystals are offset by fractures or
have been reduced to crystal breccias (Plate 2.5a and b). Very fine-grained quartz and
feldspar form vein-like networks surrounding regions of coarse-grained crystals that are

fractured but remain otherwise intact (Plate 2.5b). This very fine-grained material is
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Plate 2.4: Photomicrographs of granodiorite in plane-polarized light, unless otherwise
indicated. (a) Viewed under crossed polars, plagioclase exhibits lamellar twinning and
cross-hatch twinning is visible in alkali feldspar. Feldspar and quartz are fractured by
epidote veins (sample #13, Section A-A’). (b) Actinolite and chlorite have partially
replaced hornblende, and abundant epidote-filled fractures have caused brecciation of
quartz and feldspar (sample #33, Section A-A’). (¢) A ductilely deformed aggregate of
chlorite, actinolite and epidote pseudomorphing primary hornblende (sample #118, Map

1).

46




Plate 2.5: Photomicrographs of granodiorite in plane-polarized light, unless otherwise
indicated. (a) Fractures filled with chlorite, epidote and opaque minerals (sample #200,
Map 3). (b) Same view as (a) under crossed polars, showing brecciated feldspar grains
and very fine-grained quartz and feldspar forming vein-like networks around patches of
more coarse-grained material. (¢) Blastomylonitic texture, with feldspar porphyroclasts
cut by epidote veins and foliation defined by aligned chlorite and epidote in the
groundmass (sample #107, Map 1). (d) Same view as (¢) under crossed polars.
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interpreted to be the product of crushed quartz and feldspar that has recrystallized in the
presence of fluids.

In thin sections from samples #107, 118, 128 from Map 1, samples #68 and 80
from Map 2 and sample #199 from Section B-B’, granodiorite exhibits blastomylonitic
texture, which is characterized by fractured feldspar crystals and quartz grains enclosed
by a groundmass of very fine-grained quartz + feldspar (Plate 2.5¢ and d, Plate 2.6a and
b). This groundmass comprises ~65% of some granodiorite thin sections and is believed
to be the result of significant brittle and/or ductile deformation, causing granulation and
recrystallization. Foliation is preserved in the linear alignment of groundmass minerals,
including chlorite and chains of tiny epidote crystals. In samples #118 and 128 from Map
1 and sample #68 from Map 2, blastomylonitic granodiorite has experienced ductile
deformation, resulting in the stretching and partial recrystallization of quartz crystals into
ribbons that are up to 1.5 cm-long and exhibit undulatory extinction (Plate 2.6a). In these
granodiorite samples, foliation is defined by the parallel alignment of quartz ribbons,
groundmass minerals and epidote veins. Some quartz ribbons are offset by epidote-filled
fractures, indicating at least two generations of deformation (Plate 2.6b).

Several thin sections, including samples #148 from Map 1, #202 from Map 3 and
#36 from Section A-A’, appear to have undergone significant recrystallization. These
thin sections consist of ~1 mm long subhedral, blocky feldspar laths enclosed by a fine-
grained groundmass of relatively equigranular, subhedral quartz and feldspar (Plate 2.7a,
b and c¢). Under high magnification, the grain boundaries of groundmass quartz and
feldspar are occupied by very fine-grained quartz and feldspar, which indicates suturing

and recrystallization of groundmass quartz and feldspar. In addition, groundmass quartz
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Plate 2.6: Photomicrographs of granodiorite in cross-polarized light. (a) Blastomylonitic
texture with quartz ribbons, indicative of ductile deformation (sample #118, Map 1). (b)
Blastomylonitic texture, with epidote veins aligned parallel to foliation and also off-
setting feldspar porphyroclasts and quartz ribbons (sample #118, Map 1).




Plate 2.7: Photomicrographs of recrystallized granodiorite under crossed polars. (a)
Subhedral, blocky feldspar laths enclosed by fine-grained, equigranular, recrystallized
groundmass (sample #148, Map 1). (b) A lamellar-twinned plagioclase phenocryst with
diffuse boundaries containing small, round quartz and feldspar crystals (sample #148,
Map 1). (¢) Cross-hatch twinning in alkali feldspar, surrounded by fine-grained
recrystallized groundmass (sample #202, Map 3). (d) 120° triple junctions between
feldspar and quartz grains in the groundmass (sample #148, Map 1).
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and feldspar locally form annealing textures, characterized by euhedral crystals with
sharp crystal faces that meet in 120° triple junctions (Plate 2.7d). Larger feldspar crystals
range in length from about 0.5 to 5 mm, are about 1 mm long on average and locally
display lamellar twinning. The large feldspar crystals contain round quartz and feldspar
crystals that are similar to those in the groundmass, and have diffuse grain boundaries that
grade into groundmass minerals, suggesting that the large feldspar grains have undergone
partial recrystallization (Plate 2.7b). Thus, the large feldspar grains may be the only
remnants of the original rock that are large enough to have resisted complete
recrystallization. Because the large feldspar grains are similar in size to the largest
feldspar grains observed in the granodiorite thin sections, and since they are, on average,
larger and less elongate than feldspar phenocrysts in thin sections of feldspar porphyry,
these samples may be granodiorite that has undergone extensive deformation and

recrystallization.

2.2.2. Feldspar porphyry

2.2.2.1. Lithology and field relationships

This white- or yellowish-white-weathering unit has a very fine-grained, dark grey
groundmass that encloses feldspar phenocrysts in about 10% abundance. Feldspar
porphyry occurs extensively in Map 1 and is also found locally in Sections A-A" and B-
B’. Like granodiorite, it appears to predate diorite and the mafic to felsic dyke swarm. In
Sections A-A’ and B-B’, feldspar porph)‘/ry is exposed as sub-vertical, 0.5-20 m wide
septa that are flanked by diorite, oxide-rich basaltic dykes, hornblende basaltic dykes or

basaltic-andesitic dykes. In many cases, intrusive relationships are unclear due to



shearing at contacts, but chilled margins in mafic dykes against feldspar porphyry are
preserved locally (Plate 2.8a). As well, intrusions adjacent to larger feldspar porphyry
bodies enclose rafts of feldspar porphyry, such as those observed within a basaltic-
andesitic dyke along Section B-B” (Plate 2.8b).

In Map 1, feldspar porphyry forms numerous large bodies, up to ~20 m X 40 m,
that are separated by diorite. Because thin sections from feldspar porphyry bodies
throughout Map 1 are petrographically indistinguishable, the feldspar porphyry bodies
represent the remnants of a feldspar porphyry intrusion that has been infiltrated by diorite
and, subsequently, by a swarm of mafic to felsic dykes. This is supported by the
abundance of feldspar porphyry blocks within diorite, both adjacent to larger feldspar
porphyry bodies and isolated within diorite. Large feldspar porphyry bodies in Map 1
host several types of dykes, including andesitic, basaltic-andesitic, oxide-rich andesitic
and hornblende-porphyritic andesitic dykes, which locally display chilled margins (Plate
2.8¢-f) and often separate or contain blocks of feldspar porphyry (Plate 2.9a-d). Feldspar
porphyry is also cross-cut by a rhyolitic dyke in Map 1, as well as along Section A-A’.
Although the rhyolitic dykes are dark grey and glassy-textured throughout, and chilled
margins are not evident, their younger age is substantiated by flow banding that is parallel
to contacts with feldspar porphyry (Plate 2.9¢).

The age relationship between feldspar porphyry and granodiorite is poorly defined
by field relationships but feldspar porphyry is interpreted to be younger than granodiorite.
Therefore, because feldspar porphyry appears to be younger than granodiorite but older
than diorite and the swarm of mafic to felsic dykes, it is interpreted to be the second

oldest mapped unit in the study area.
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Plate 2.8: Field photographs of feldspar porphyry. (a) A chilled margin in an unsampled
mafic dyke against feldspar porphyry (Section A-A’). (b) A raft of feldspar porphyry
within a basaltic-andesitic dyke (Section B-B’). (c) A hornblende-porphyritic andesitic
dyke and a basaltic-andesitic dyke hosted by feldspar porphyry (Map 1). (d) Thin,
basaltic-andesitic dykes hosted by feldspar porphyry (Map 1). (¢) An unsampled mafic or
intermediate dyke offset within feldspar porphyry (directly north of Map 1). (f) A chilled
margin in a basaltic-andesitic dyke against feldspar porphyry (Map 1).
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Plate 2.9: Field photographs of feldspar porphyry in Map 1. (a) A block of feldspar
porphyry between two andesitic dykes. (b) Slivers of feldspar porphyry between andesitic
and basaltic-andesitic dykes. (c) A block of feldspar porphyry within a basaltic-andesitic
dyke. (d) A block of feldspar porphyry within an oxide-rich andesitic dyke and a second
block of feldspar porphyry between an oxide-rich andesitic dyke and diorite. (e) A
rhyolitic dyke with flow-banding parallel to the contact with feldspar porphyry.
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2.2.2.2. Petrography

In thin section, piagioclase and alkali feldspar phenocrysts are subhedral to
euhedral, elongate and blocky laths that range in length from 0.5 to 4 mm, and are about 1
mm long on average (Plate 2.10a). The phenocrysts display simple and lamellar twinning
and some crystals exhibit undulatory extinction. They typically form clusters of up to 5
intergrown crystals. The phenocrysts are surrounded by a groundmass that consists of
small (~150 um) subhedral feldspar laths enclosed by patches of anhedral quartz and
feldspar. These patches of quartz and feldspar commonly display granophyric texture,
characterized by vermicular intergrowths of quartz and feldspar that radiate outwards
from central feldspar laths (Plate 2.10b). Granophyric texture is thought to represent
simultaneous crystallization of quartz and feldspar from a late-stage igneous melt (Nesse,
2000).

Feldspar porphyry contains minor amounts of opaque minerals that occur as
anhedral blebs disseminated throughout the groundmass, as well as larger (up to ~250
um) subhedral crystals. Secondary chlorite and epidote occur as anhedral blebs and
aggregates throughout the groundmass and in minor amounts in'feldspar phenocrysts,
which also contain tiny opaque inclusions and sericite (Plate 2.10¢). Locally, feldspar
phenocrysts have been partially or fully replaced by aggregates of epidote. Although
feldspar porphyry is rarely foliated, parallel al'ighment of opaque minerals, clots of
chlorite and chains of epidote crystals define weak foliations in some thin sections.
Feldspar porphyry contains veins that are filled with quartz or epidote, which is often

accompanied by opaque minerals and/or chlorite.




|

Plate 2.10: Photomicrographs of feldspar porphyry, under crossed polars unless
otherwise indicated. (a) Feldspar phenocrysts with simple twins, locally exhibiting
undulatory extinction (sample #112, Map 1). (b) Granophyre surrounds feldspar laths in
the groundmass near a cluster of feldspar phenocrysts (sample #98, Map 1). (¢) Same
view as (b) in plane polarized light, showing chlorite and epidote throughout the
groundmass, and sericite and tiny opaque inclusions in feldspar phenocrysts.




2.2.3. Gabbro

2.2.3.1. Lithology and field relationships

This dark brown-weathering, fine- to medium-grained gabbro 1s dark green on
fresh surfaces and contains abundant discontinuous epidote veins. It is sparsely feldspar-
porphyritic (<3%) with subhedral, blocky plagioclase phenocrysts that range in length
from 1.5 to 4 mm. Gabbro occurs only in Map 2 and is interpreted to be the oldest mafic
unit in the study area. Gabbro hosts several mafic and intermediate dykes and locally
occurs as septa between dykes. Clear chilled margins are present in andesitic and basaltic
dykes at contacts with gabbro, and a thin, subtle chilled margin occurs in a feldspar-
porphyritic hornblende basaltic dyke (Plate 2.11). As well, slivers of gabbro host rocks
are preserved at the contact between a basaltic dyke and an oxide-rich andesitic dyke
(Plate 2.12a). In addition, gabbro shares an irregular contact with a block of granodiorite
(Plate 2.12b), and contains fragments of granodiorite surrounded by chilled margins.

While intrusive relationships indicate without doubt that gabbro post-dates
granodiorite and hosts basaltic, hornblende basaltic and andesitic dykes, the age
relationship between gabbro and diorite remains uncertain. Although diorite shares a
contact with gabbro, the contact is partially inferred along a fractured boundary, and no
chilled margin is present in either unit along the exposed part of the contact. Hence, the
relative ages of diorite and gabbro are ambiguous. Because gabbro is relatively fine-
grained and no volcanic features were observed in outcrop or thin section, it is interpreted

to be a shallow-level intrusion.
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Plate 2.11: Field photographs of gabbro in Map 2. (a) & (b) Well-developed chilled
margins in basaltic dykes against gabbro host rocks. (¢) An offshoot of a basaltic dyke
chilled against gabbro host rocks. (d) A subtle chilled margin in a feldspar-porphyritic
hornblende basaltic dyke against gabbro host rocks.
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Plate 2.12: Field photographs of gabbro in Map 2. (a) A basaltic dyke and an oxide-rich
andesitic dyke chilled against a sliver of gabbro. (b) An irregular contact between gabbro
and a block of granodiorite.
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2.2.3.2. Petrography

In thin section, sub-ophitic texture is locally displayed by anhedral clinopyroxene
grains that partially enclose subhedral plagioclase laths in the groundmass (Plate 2.13a
and b). Clinopyroxene is fringed by needles of actinolite, and clinopyroxene crystals are
commonly partially replaced by patches of actinolite + chlorite. Many clinopyroxene
grains have been reduced to remnants surrounded by aggregates of actinolite & chlorite
pseudomorphing the original clinopyroxene grain (Plate 2.13¢ and d). Subhedral, tabular
hornblende crystals are also observed in thin section, and are partially replaced by
aggregates of actinolite £ chlorite. In many cases, optically-continuous, tabular-shaped
aggregates of actinolite £ chlorite appear to have fully replaced igneous hornblende.

Opaque minerals form angularly and irregularly shaped aggregates that are
interpreted to be ilmeno-magnetite that has been altered to ilmenite and leucoxene (Plate
2.13c). Locally, chlorite forms elongate clots with subhedral, bladed epidote crystals
concentrated at the edges. These aggregates are up to 2 mm long, and while many are
irregular in shape, some are lath-shaped and may be pseudomorphing another mineral.
Extensive greenschist-facies metamorphism is evident not only in the partial replacement
of clinopyroxene and hornblende, but also in the occurrence of chlorite, actinolite and
epidote as tiny (< 50 um) crystals within and between all igneous minerals. This includes
plagioclase, which has also been significantly sericitized. In addition to epidote veins,
which are ubiquitous in thin section and locally contain carbonate or Fe-Ti-oxides, minor

quartz veins were also observed.
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Plate 2.13: Photomicrographs of gabbro (sample #82, Map 2) in plane polarized light,
unless otherwise indicated. (a) Intense alteration of clinopyroxene, plagioclase,
hornblende and opaque minerals under greenschist-facies conditions has produced
abundant chlorite, actinolite and epidote. (b) Same view as (a) under crossed polars,
highlighting sub-ophitic texture formed by clinopyroxene enclosing plagioclase laths. (c)
A remnant of clinopyroxene surrounded by an optically-continuous, tabular aggregate of
actinolite and chlorite. Also note the occurrence of opaque minerals as aggregates of
ilmenite and leucoxene, which are interpreted to be altered ilmeno-magnetites. (d) Same
view as (c) under crossed polars.




2.2.4. Diorite

2.2.4.1. Lithology and field relationships

This unit consists of magnetic diorite that is dark green on fresh surfaces, weathers
dark brownish-grey to light greyish-brown and locally contains discontinuous epidote
veins. Unlike most mafic and intermediate units in t‘he study area, diorite is medium-
grained. It is weakly feldspar-porphyritic (<5%) with subhedral, 1-4 mm long, blocky
plagioclase phenocrysts.

Diorite is the most widespread of the mafic-to-intermediate units in the study area
and hosts many dykes of different lithologies. This unit hosts several dykes along Section
A-A’, including an oxide-rich basaltic dyke with a clear chilled margin (Plate 2.14a).
Diorite also forms septa between mafic dykes in Section A-A’, including a ~1 m wide
sliver of diorite that is flanked by a hornblende basaltic dyke and a basaltic dyke with a
clear chilled margin (Plate 2.14b). In Map 2, diorite is flanked by basaltic and hornblende
basaltic dykes with chilled margins, and occurs as blocks between dykes (Plate 2.14¢) and
within oxide-rich andesitic dykes.

In Map 1, diorite contains blocks of granodiorite and feldspar porphyry. Some
blocks are isolated within diorite, several metres away from the nearest felsic block,
whereas others are adjacent to contacts with larger felsic bodies (Plate 2.3b and ¢). The
shapes of some of these blocks are matched by irregular edges on neighbouring felsic
bodies, evidence for the plucking of blocks from larger felsic bodies by intruding diorite
melt. Most chilled margins in Map 1 are obscured by lichen and shearing along contacts,
but a subtle chilled margin is present in diorite against granodiorite (Plate 2.3d). In Map

1, diorite hosts at least twenty-five individual dykes representing several different
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Plate 2.14: Field photographs of diorite. (a)
An irregular contact with a clear chilled
margin in an oxide-rich basaltic dyke against
diorite (Section A-A’). (b) A well-developed
chilled margin in a basaltic dyke against
diorite. Note the second chilled margin in
the basaltic dyke, indicating multiple
injections of basaltic melt (Section A-A’). (¢)
A hornblende basaltic dyke with a chilled
margin against blocks of diorite and
granodiorite (Map 2). (d) A chilled margin in
an oxide-rich andesitic dyke against diorite
(Map 1).




lithologies, including dykes from every mafic and intermediate unit described below. For
example, an oxide-rich andesitic dyke displays clear chilled margins against diorite and
encloses a diorite block (Plates 2.14d and 2.15a). Chilled margins are also present in
andesitic dykes against diorite (Plate 2.15b and ¢). As well, a rhyolitic dyke cross-cuts
diorite, and its younger age is supported by flow banding that is parallel to the contact
with diorite (Plate 2.15d). Furthermore, there is a subtle chilled margin in a rhyolitic

dyke against diorite in Section A-A” (Plate 2.15¢).

Due to its relatively small grain size and lack of extrusive features, diorite is
interpreted to be a shallow-level intrusion. Field relationships indicate that diorite
intruded at least the northern portion of the study area after the emplacement and
crystallization of granodiorite and feldspar porphyry. As a result, discontinuous bodies of
granodiorite and feldspar porphyry occur throughout diorite, and many smaller blocks
were entrained in the diorite melt. The intrusion of diorite appears to have been followed
by a swarm of mafic to intermediate dykes and rare felsic dykes, which occur throughout
the study area and cross-cut diorite and gabbro, as well as older granodiorite and feldspar
porphyry.

2.2.4.2. Petrography

In thin section, hornblende occurs as green to light green pleochroic, subhedral
tabular crystals that have all undergone some degree of replacement by actinolite +
chlorite (Plate 2.16a-d). Twinned hornblende crystals are occasionally observed through
the actinolite + chlorite metamorphic overprint. Commonly, parallel actinolite needles

form aggregates that are optically continuous and define a tabular shape, although some

actinolite needles typically extend into adjacent plagioclase grains. This texture is
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Plate 2.15: Field photographs of diorite. (a)
The same oxide-rich andesitic dyke in Plate
2.14d containing a block of diorite. (b) An
andesitic dyke chilled against diorite (Map
1). (¢) A chilled margin in an andesitic dyke
against diorite (Map 1). (d) A rhyolitic dyke
hosted by diorite with flow-banding parallel
| to dyke margins (Map 1). (e) A subtle, light-
green coloured chilled margin in a rhyolitic
dyke against diorite (Section A-A’).
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Plate 2.16: Photomicrographs of diorite in
plane-polarized light, unless otherwise
indicated. (a) The dominant mineral
assemblage consists of medium-grained
hornblende, plagioclase and opaque
minerals (sample #102, Map 1). (b) Same
view as (a) under crossed polars, showing
patches and rims of chlorite and actinolite
on hornblende. (¢) Hornblende has been
partially replaced by actinolite and
chlorite. Also note blebs of epidote and
chlorite in plagioclase (sample #77, Map
2). (d) Same view as (c¢) under crossed
polars, showing a twin in hornblende, and optically continuous bundles of actinolite
needles extending into plagioclase. (e) Viewed under crossed polars, a rectangular
aggregate of epidote crystals appears to be pseudomorphing another mineral (sample
#102, Map 1).




interpreted to represent the transitional replacement of igneous hornblende by actinolite
under greenschist-facies metamorphic conditions. Plagioclase occurs in the groundmass
as subhedral, blockylor elongate laths averaging 1 mm in length, although anhedral
plagioclase grains commonly fill spaces between plagioclase laths and other minerals.
Plagioclase has undergone various degrees of sericitization and contains actinolite
needles, anhedral blebs of epidote and chlorite and nearly submicroscopic Fe-Ti-oxide

inclusions (Plate 2.16¢). Opaque minerals are concentrated in angular and square-shaped

| aggregates along with a dark grey-brown alteration material; these are interpreted to be

ilmeno-magnetite altered to ilmenite + leucoxene (Plate 2.16¢). Epidote locally forms
round or irregularly-shaped aggregates of radial crystals, and also forms rectangular
aggregates up to 2.5 mm long (Plate 2.16e). These are probably pseudomorphs of another
mineral, such as plagioclase phenocrysts. Where this unit is in or near shear zones, it has
developed a weak foliation defined predominantly by the parallel alignment of Fe-Ti

oxides, hornblende and greenschist-facies alteration minerals.

2.2.5. Hornblende-porphyritic andesitic dykes

2.2.5.1. Lithology and field relationships

This unit consists of two fine-grained andesitic dykes in Map 1 that are
abundantly feldspar- and hornblende-porphyritic (~10% and ~10%, respectively). The
easternmost dyke weathers dark brown and has a dark green groundmass, and the
westernmost dyke weathers light brown and has a dark grey groundmass. The
easternmost dyke cross-cuts diorite, feldspar porphyry (Plate 2.8¢) and granodiorite, and

is cross-cut by a basaltic-andesitic dyke. The hornblende-porphyritic andesitic dyke on
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the west end of Map 1 also cross-cuts diorite and is cross-cut by an andesitic dyke and
several hornblende basaltic dykes.

2.2.5.2. Petrography

The easternmost dyke consists of a plagioclase-rich groundmass that surrounds
0.5-3 mm long plagioclase phenocrysts and ~1 mm long hornblende phenocrysts (Plate
2.17a and b). In thin section (sample #138), plagioclase phenocrysts are subhedral-to-
cuhedral blocky crystals that contain abundant sericite and blebs of epidote, chlorite and
actinolite. The hornblende phenocrysts are dark green-to-light green pleochroic,
subhedral tabular crystals that contain patches of chlorite and actinolite (Plate
2.17b). A weak foliation is defined by the parallel alignment of Fe-Ti oxides, aggregates
of chlorite and actinolite and chains of epidote throughout the groundmass.

The westernmost hornblende-porphyritic andesitic dyke consists of a plagioclase-
rich groundmass that encloses 0.5-2.5 mm long plagioclase phenocrysts and ~0.5 mm
long hornblende phénocrysts (Plate 2.17c and d). In thin section (sample #100),
plagioclase phenocrysts are similar to those in the other hornblende-porphyritic andesitic
dyke, but hornblende phenocrysts are unique: they are subhedral to euhedral tabular
crystals with distinctive dark brown to light brown pleochroism. Twinned grains are
common, and many grains exhibit growth zoning characterized by rims containing
exsolved Fe-Ti oxide needles (Plate 2.17¢). Hornblende is fringed by actinolite needles +
chlorite, and locally contains patches with green to light brown pleochroism, which may
represent the onset of alteration. Well-developed foliation in this rock is defined by the
parallel alignment of hornblende phenocrysts, along with chlorite, epidote and actinolite

aggregates throughout the groundmass.
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Plate 2.17: Photomicrographs of
hornblende-porphyritic andesitic dykes in
plane-polarized light, unless otherwise
indicated. (a) Plagioclase and hornblende
phenocrysts in a groundmass of
plagioclase, opaque minerals, chlorite,
epidote and actinolite (sample #138, Map
1). (b) Same view as (a) under crossed
polars, showing partial replacement of
hornblende by chlorite and actinolite. (¢)
Plagioclase phenocrysts and dark brown to
light-brown pleochroic hornblende
phenocrysts aligned parallel to foliation
(sample #100, Map 1). (d) Same view as (c) under crossed polars. (¢) A euhedral basal
section of a hornblende phenocryst showing zoning defined by exsolved Fe-Ti oxides in
the outer rim. Also note abundant chlorite, epidote and actinolite throughout
groundmass, and chlorite and actinolite surrounding hornblende (sample #100, Map 1).
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2.2.6. Hornblende basaltic dykes \

2.2.6.1. Lithology and field relationships

This unit is composed of fine-grained, non-porphyritic, dark brown- and dark
grey-weathering dykes with dark green fresh surfaces. This unit also includes purplish-
brown-weathering, abundantly feldspar-porphyritic (~15%) dykes, which are limited to

Map 2. The hornblende basaltic dykes have different relative ages, but they are all

interpreted to be younger than diorite, gabbro, granodiorite and feldspar porphyry, and
older than the andesitic dykes. The purplish-brown-weathering, feldspar-porphyritic
hornblende basaltic dykes are interpreted to be the oldest dykes in Map 2. They are
hosted by gabbro (Plate 2.11d) and are cross-cut by basaltic dykes with chilled margins,
oxide-rich andesitic dykes with chilled margins (Plate 2.18), and an andesitic dyke with
chilled margins. A non-porphyritic hornblende basaltic dyke (station #78) is chilled
against the same oxide-rich andesitic dyke that cross-cuts the purplish-brown-weathering,
feldspar-porphyritic hornblende basaltic dyke in Plate 2.18. Hence, this particular non-
porphyritic hornblende basaltic dyke, and perhaps others from this unit, is younger than
the purplish-brown-weathering, feldspar-porphyritic hornblende basaltic dykes.
Non-porphyritic hornblende basaltic dykes in Map 2 have well-developed chilled
margins against diorite (Plate 2.14c), gabbro and blocks of granodiorite (Plate 2.1¢). In
Sections A-A’ and C-C’, hornblende basaltic dykes enclose rafts and septa of diorite and
granodiorite, and often display clear intrusive contacts and chilled margins (Plates 2.1d
and 2.2a and b). In Map 1, as in other areas, dykes from this unit are hosted by diorite or

- granodiorite and are cross-cut by andesitic dykes with chilled margins. In addition, a

hornblende basaltic dyke (station #99) has intruded a hornblende-porphyritic andesitic
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Plate 2.18: Field photograph of a well-developed chilled margin in an oxide-rich
andesitic dyke against a purplish-brown-weathering, feldspar-porphyritic hornblende
basaltic dyke (Map 2).




dyke (station #100), which implies that other dykes in this unit are also younger than the
hornblende-porphyritic andesitic dykes.

2.2.6.2. Petrography

In thin section, hornblende forms subhedral tabular-shaped crystals and anhedral
crystals that appear to fill spaces between plagioclase laths (Plate 2.19a and b).
Hornblende has dark green-to-light green pleochroism, contains patches of actinolite +
chlorite and has fringes of actinolite needles + chlorite at grain boundaries. Optically
continuous bundles of actinolite needles appear to be pseudomorphing hornblende, a
texture also observed in diorite. Indeed, all hornblende in the hornblende basaltic dykes
seems to have been partially or almost entirely replaced by actinolite + chlorite.
Plagioclase occurs as subhedral elongate and blocky laths, as well as anhedral grains that
appear to fill spaces between plagioclase laths and hornblende crystals. Fe-Ti oxides
occur throughout the dykes and are interpreted to be ilmeno-magnetite altered to ilmenite
and leucoxene. Greenschist-facies metamorphic minerals, including epidote, chlorite and
~actinolite, occur as tiny (<50 pm) crystals forming aggregates at plagidclase and
hornblende grain boundaries, and also occur within plagioclase, along with sericite. In
certain hornblende basaltic dykes (e.g. sample #99 in Map 1 and samples #69, 78 and 88
in Map 2), weak foliations were observed in thin section, defined by the parallel
alignment of opaque minerals, hornblende and aggregates of actinolite, chlorite and
epidote (Plate 2.19¢). Epidote veins are common but are typically less than 1 mm wide
and comprise no more than 3% of each thin section analyzed.

The purplish-brown-weathering, feldspar-porphyritic dykes in Map 2 (samples

#75 and 88) contain about 12% subhedral, blocky plagioclase phenocrysts that range in
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Plate 2.19: Photomicrographs of hornblende basaltic dykes in plane-polarized light,
unless otherwise indicated. (a) Plagioclase, hornblende and opaque minerals with
secondary chlorite, epidote (sample #99, Map 1). (b) Same view as (a) under crossed
polars, highlighting tabular hornblende grains with fringes of actinolite and chlorite, as
well as hornblende containing patches of chlorite and bundles of actinolite needles. (¢) A
weak foliation defined by aligned hornblende, opaque minerals and aggregates of
actinolite, chlorite and epidote (sample #78, Map 2). (d) Plagioclase phenocrysts are
occupied by greenschist-facies minerals, including chlorite, epidote and actinolite
(sample #88, Map 2).




length from less than 1 mm to 6 mm, with an average length of 2 mm (Plate 2.19d). The
plagioclase phenocrysts have undergone extensive sericitization, obscuring any twinning
or zoning, and contain abundant inclusions of Fe-Ti oxides and secondary chlorite,
actinolite and epidote. The phenocrysts also have embayed boundaries and fractures
occupied by alteration minerals invading from the groundmass. These dykes locally
contain irregularly-shaped chlorite clots, which are up to 2 mm long and are bordered by

aggregates of subhedral epidote crystals.

2.2.7. Basaltic dykes

2.2.7.1. Lithology and field relationships

This unit includes fine-grained, dark brown- and dark grey-weathering basaltic
dykes that are dark green on fresh surfaces. Some of these dykes are sparsely populated
(<5%) by subhedral to euhedral, 2-5 mm long, blocky plagioclase phenocrysts.

Together with other dykes in the study area, the basaltic dykes appear to be
younger than gabbro, diorite and granodiorite. For example, a large granodiorite body in
Map 1 hosts a network of basaltic dykes (Plate 2.3a). Along Section A-A’, a basaltic
dyke with chilled margins (Plate 2.14b) has intruded along the contact between a
hornblende basaltic dyke and a raft of diorite. In Map 2, a basaltic dyke (station #71) 1s
chilled against granodiorite and gabbl_'o (Plate 2.11b), as well as a purplish-brown-
weathering, feldspar-porphyritic hornblende basaltic dyke. Another basaltic dyke in Map
2 (station #84) is hosted by gabbro (Plate 2.11a), cross-cuts an oxide-rich andesitic dyke

(Plate 2.20a) and is cross-cut by an andesitic dyke. In Map 3, a basaltic dyke is hosted by
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Plate 2.20: Field photographs of basaltic
dykes. (a) A basaltic dyke cross-cuts a ~25
c¢m wide oxide-rich andesitic dyke (Map 2).
(b) A basaltic dyke is cross-cut by a light-
greyish-green-weathering andesitic dyke
and a dark-purple-weathering oxide-rich
andesitic dyke (Map 3). (¢) A ~5 cm-wide
dark-purple-weathering oxide-rich
andesitic dyke is hosted by a basaltic dyke
(Map 3).




granodiorite and is cross-cut by oxide-rich andesitic dykes and andesitic dykes (Plate
2.20b and c).

In summary, field relationships indicate that the basaltic dykes are younger than
gabbro, diorite, granodiorite and feldspar porphyry and are older than the andesitic dykes.
However, the oxide-rich andesitic dykes are both older and younger than the basaltic

dykes, suggesting that these two units overlap in age. Locally, the basaltic dykes are

younger than the hornblende basaltic dykes, but relative age relationships with other types
of dykes remain uncertain.

2.2.7.2. Petrography

In thin section, clinopyroxene occurs as anhedral to subhedral crystal remnants
that exhibit weak colourless-to-beige pleochroism (Plate 2.21a). Optically continuous
remnants of clinopyroxene grains are surrounded by aggregates of actinolite and chlorite,
indicating partial replacement of larger, igneous clinopyroxene by greenschist-facies
metamorphic minerals (Plate 2.21a and b). The clinopyroxene remnants and their
associated actinolite and chlorite aggregates often enclose plagioclase laths in the
groundmass, demonstrating sub-ophitic texture.

As in other rocks in the study area, greenschist-facies metamorphic minerals occur
throughout the basaltic dykes. Actinolite, chlorite and epidote occur within plagioclase
phenocrysts and form aggregates between groundmass plagioclase laths, and igneous
clinopyroxene seems to have undergone partial replacement by actinolite and chlorite.
Locally, chlorite is concentrated in large (~250 pm) aggregates with euhedral epidote

crystals (Plate 2.21c¢ and d, Plate 2.22a). Hornblende was observed only rarely in the

basaltic dykes (Plate 2.21¢ and d), perhaps due to the compléte replacement of the
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Plate 2.21: Photomicrographs of basaltic dykes in plane-polarized light, unless otherwise
indicated. (a) Remnants of a clinopyroxene grain are surrounded by actinolite and minor
chlorite, and abundant epidote, chlorite and actinolite occur between and within
plagioclase grains (sample #71, Map 2). (b) Same view as (a) under crossed polars,
showing actinolite surrounding and filling fractures in clinopyroxene, as well as a
plagioclase phenocryst with abundant sericite, chlorite and epidote. (¢) Several remnants
of clinopyroxene are surrounded by greenschist-facies minerals, and chlorite forms an

| aggregate bordered by epidote crystals. As well, hornblende has resisted complete
replacement by actinolite and chlorite (sample #71, Map 2). (d) Same view as (c) under

| crossed polars.
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Plate 2.22: Photomicrographs of basaltic dyke sample #123, Map 1. (a) Pinkish-brown-
coloured clinopyroxene shows little alteration or replacement by greenschist-facies
alteration minerals. Clinopyroxene partially encloses plagioclase laths, demonstrating
sub-ophitic texture. Chlorite forms up to ~1 mm long aggregates that locally contain
euhedral epidote crystals (plane-polarized light). (b) Detail of sub-ophitic texture formed
by clinopyroxene and plagioclase. Also note partial replacement of plagioclase by
scapolite (cross-polarized light).




majority of hornblende by actinolite and chlorite. Aggregates of ilmenite and leucoxene
are ubiquitous in the basaltic dykes, and appear to represent altered ilmeno-magnetite. In
addition, minor epidote veining was observed in some thin sections and, locally, weak
foliations in the basaltic dykes are defined by the alignment of aggregates of greenschist-
facies alteration minerals.

Some petrographic differences exist between a basaltic dyke that occurs in Map |
(sample #123) and other basaltic dykes in the study area. Clinopyroxene in this dyke is
much more abundant and it exhibits strong pinkish-brown-to-light-pinkish-brown
pleochroism (Plate 2.22a). It has undergone significantly less replacement by actinolite
and chlorite compared to clinopyroxene in the other dykes, and sub-ophitic texture is
well-preserved by clinopyroxene edged by fringes of actinolite needles + chlorite (Plate
2.22b). In addition, plagioclase in the basaltic dyke in Map 1 has been partially replaced

by scapolite (Plate 2.22b).

2.2.8. Andesitic dykes

2.2.8.1. Lithology and field relationships

The light brown, grey or greyish-green weathering colours that characterize these
dykes readily distinguish them from the dark brown- and dark grey-weathering mafic
dykes in the study area. The fresh surfaces of the andesitic dykes consist of a fine-
grained, greyish-green or purplish-grey groundmass that encloses ~1 mm long plagioclase
feldspar phenocrysts (<6%). Light greyish-green-weathering andesitic dykes in Map 3

(stations #55 and 59) contain vesicles concentrated in dyke interiors, and are
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characterized by thin (<1 mm thick), white, parallel bands that are spaced about 0.5-1 cm
apart and are generally parallel to dyke margins (Plate 2.23a and b).

The andesitic dykes are interpreted to be among the youngest dykes in the study
area. They exhibit clear cross-cutting relationships with several types of dykes and
commonly display well-developed chilled margins. For example, in Map 3, andesitic
dykes are hosted by granodiorite (Plate 2.23a and b) and cross-cut basaltic dykes (Plate
2.20b) and oxide-rich andesitic dykes. However, one of the andesitic dykes is cross-cut
by a thin oxide-rich andesitic dyke, which suggests that these two units are broadly
coeval.

'The andesitic dyke in Map 2 (station #89) cross-cuts gabbro and several types of
mafic and intermediate dykes, including a basaltic dyke, feldspar-porphyritic hornblende
basaltic dykes and oxide-rich andesitic dykes (Plate 2.1b). This andesitic dyke is cross-
cut by a dark-grey-weathering basaltic-andesitic dyke (station #91), which represents one
of the few magmatic events that is interpreted to be younger than the andesitic dykes.
Mafic enclaves observed in the andesitic dyke adjacent to the cross-cutting basaltic-
andesitic dyke (Plate 2.23¢) may be evidence of magma mixing, or alternatively, they
may be inclusions of mafic host rocks.

Andesitic dykes are common throughout Map 1 and are hosted by granodiorite,
feldspar porphyry and diorite (Plate 2.15b and c¢), locally displaying chilled margins
against these units. Andesitic dykes also cross-cut hornblende basaltic dykes. In Map 1,
andesitic dykes are rarely cross-cut by mafic or other intermediate dykes, and these

occurrences are not well-constrained due to shearing, fracturing and/or limited exposure
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Plate 2.23: Field photographs of andesitic dykes. (a) An irregular contact between a light
greyish-green-weathering andesitic dyke and granodiorite, with thin, white bands parallel
to dyke margin (Map 3). (b) A light greyish-green-weathering andesitic dyke hosted by
granodiorite. Note the vesicles in the dyke interior and white bands near dyke margins
(Map 3). (c) Mafic enclaves in an andesitic dyke adjacent to a younger basaltic-andesitic
dyke (Map 2). (d) Flow banding in a rhyolitic dyke parallel to the contact with an
andesitic dyke (Map 1).
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along contacts. However, an andesitic dyke is cross-cut by a rhyolitic dyke in Map 1 |
(Plate 2.23d). Hence, this rhyolitic dyke, along with the basaltic-andesitic dyke in Map 2
and the thin oxide-rich andesitic dyke in Map 3, represents the only magmatic event that
is constrained by field relationships to be younger than an andesitic dyke.

2.2.8.2. Petrography

With about 60-75% plagioclase, including phenocrysts, the andesitic dykes are
plagioclase-rich and contain minor proportions of other igneous minerals. In thin section,
plagioclase phenocrysts are subhedral to euhedral, blocky, lath-shaped crystals, whereas
groundmass plagioclase forms thinner, elongate, subhedral lath-shaped crystals (Plate
2.24). Hornblende was rarely observed in thin section, and occurs as subhedral, ~0.5 mm
long, tabular phenocrysts that are partially replaced by actinolite and chlorite. Fe-Ti
oxides are disseminated throughout each thin section as subhedral to euhedral, blocky
crystals, which also form clusters of 2-5 crystals.

Greenschist-facies minerals, which consist of actinolite, chlorite and epidote, are
concentrated in aggregates between plagioclase grains, and actinolite tends to form
elongate bundles of acicular crystals at grain boundaries (Plate 2.24c¢). Actinolite,
chlorite and epidote are also present as tiny inclusions within plagioclase, although in
lesser amounts than in the mafic rocks. Locally, a foliation is defined by the parallel
alignment of groundmass plagioclase and associated aggregates of greenschist-facies
minerals (Plate 2.24d). In addition, veins filled with carbonate, quartz + chlorite or
epidote + chlorite were observed in several thin sections.

One of the andesitic dykes in Map 1 (sample #103) is distinct from the other

andesitic dykes due to the presence of clinopyroxene. This dyke contains about 4%
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Plate 2.24: Photomicrographs of andesitic
dykes in cross polarized light, unless
otherwise indicated. (a) Plagioclase
phenocrysts in a groundmass of elongate
plagioclase, Fe-Ti oxides and greenschist-
facies minerals. Feldspar phenocrysts
appear pale brown due to the presence of
sericite and tiny opaque inclusions (plane
polarized light, sample #89, Map 2). (b)
Same view as (a) under crossed polars,
showing simple twins in feldspar
phenocrysts. (¢) Detail of opaque minerals,
epidote, chlorite and actinolite within and

between groundmass plagioclase laths (plane polarized light, sample #89, Map 2). (d) A
weak foliation defined by groundmass plagioclase (sample #167, Map 1). (¢) A subhedral
clinopyroxene phenocryst accompanied by a feldspar phenocryst (sample #103, Map 1).
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clinopyroxene phenocrysts, which occur as subhedral, tabular-shaped crystals that are, on
average, ~0.5 mm long (Plate 2.24¢). Actinolite and chlorite fill fractures and form
fringes around clinopyroxene, and clinopyroxene locally occurs as crystal remnants
within aggregates of actinolite and chlorite.

As described above, the light greyish-green-weatheréd andesitic dykes in Map 3
(samples #55 and 59) contain thin, white, parallel bands that are generally parallel to dyke
margins. In thin section, these ~300 pm thick bands are composed of very fine-grained,
intergrown quartz and feldspar. The light greyish-green-weathering andesitic dykes in
Map 3 exhibit additional petrographic differences from the other andesitic dykes: they
contain significantly fewer plagioclase phenocrysts, groundmass plagioclase laths are
more fine-grained, and they contain numerous ~0.5 mm wide aggregates of anhedral
quartz grains. These quartz aggregates are typically accompanied by epidote + chlorite,
and may have crystallized from Si0;- and trace element-enriched late-stage magmatic

fluids.

2.2.9. Basaltic-andesitic dykes

2.2.9.1. Lithology and field relationships

This unit consists of fine-grained, dark brown- and dark grey-weathering dykes
that are dark green on fresh surfaces. Most of the basaltic-andesitic dykes are hosted by
diorite, feldspar porphyry (Plate 2.8c, d, f and Plate 2.9¢) or granodiorite and do not share
cross-cutting relationships with other dykes. However, one basaltic-andesitic dyke in
Map 1 (station #155) cross-cuts a hornblende-porphyritic andesitic dyke and is cross-cut

by an un-sampled mafic dyke that is assumed to be a hornblende basaltic dyke. In
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addition, a basaltic-andesitic dyke (station #91) cross-cuts the andesitic dyke in Map 2
(Plate 2.23c), and is therefore among the youngest known magmatic events in the study
area.

2.2.9.2. Petrography

In thin section, these dykes are composed of plagioclase and Fe-Ti oxides with
greenschist-facies minerals surrounding and filling spaces between plagioclase crystals
(Plate 2.25a and b). Apart from plagioclase and opaque minerals, which are assumed to
be igneous, no other primary minerals or pseudomorphs of primary minerals were
observed in thin section. This distinguishes the basaltic-andesitic dykes from the mafic
dykes in the study area, which all contain hornblende or clinopyroxene or
greenschist-facies pseudomorphs of these minerals. The basaltic-andesitic dykes are
petrographically similar to the andesitic dykes except for their higher abundances of
opaque minerals and chlorite, epidote and actinolite. There are some textural variations
among the basaltic-andesitic dykes, including unique, elongate plagioclase laths in a dyke
in Map 1 (sample #155; Plate 2.25¢ and d). Plagioclase crystals in the groundmass of this
dyke have length to width ratios of up to 15, whereas plagioclase in other mafic and
intermediate dykes in the study area is much less elongate. Another basaltic-andesitic
dyke in Map 1 (sample #143) has been permeated by veins of epidote and opaque
minerals, resulting in brecciation of nearly all plagioclase crystals. As well, a dyke from
this unit in Section C-C” (sample #43) contains abundant subhedral, blocky, lath-shaped

plagioclase phenocrysts that are up to 1 cm long.




Plate 2.25: Photomicrographs of basaltic-andesitic dykes in plane polarized light, unless
otherwise indicated. (a) The dominant mineral assemblage consists of plagioclase and
opaque minerals with secondary chlorite, epidote and minor actinolite that do not appear
to be pseudomorphing igneous minerals (sample #91, Map 2). (b) Same view as (a) under
crossed polars, demonstrating that the green mineral in (a) is mostly chlorite. (¢) Unique,
elongate plagioclase laths and opaque minerals in the groundmass surrounding a
plagioclase phenocryst (sample #155, Map 1). (d) Same view as (¢) under crossed polars.
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2.2.10. Oxide-rich basaltic and andesitic dykes

2.2.10.1. Lithology and field relationships

This unit includes dark grey-weathering oxide-rich basaltic dykes that are dark
grey on fresh surfaces, as well as grey- or dark purple-weathering oxide-rich andesitic
dykes that are dark purple on fresh surfaces. The dykes in this unit range in width from 5
cm to 1.5 m and have a very fine-grained groundmass that often encloses rare ~0.5 mm
long plagioclase phenocrysts (<5%). The dykes are strongly magnetic and commonly
exhibit compositional bands in different shades of purple or grey that form parallel to
dyke margins (Plates 2.18 and 2.20c). In Map 3, several dark purple-weathering oxide-
rich andesitic dykes display an unusual pattern of banding (Plate 2.26a-c), which is
interpreted to represent the preserved chilled margins of multiple magma injections
within the dykes.

Like the other dykes in the study area, the oxide-rich andesitic and basaltic dykes
are interpreted to post-date granodiorite, feldspar porphyry, gabbro and diorite. Although
they are broadly coeval with the dyke swarm, the oxide-rich andesitic and basaltic dykes
have multiple generations. In Map 3, oxide-rich andesitic dykes are hosted by
granodiorite (Plates 2.2¢ and 2.26a-d) and cross-cut basaltic dykes (Plate 2.20b and c¢).
Many oxide-rich andesitic dykes in Map 3 are cross-cut by light greenish-grey-weathered
andesitic dykes, but one andesitic dyke is cross-cut by a thin, dark-purple-weathering,
compositionally banded dyke that is interpreted to be an oxide-rich andesitic dyke. This
suggests that the oxide-rich andesitic dykes are multi-generational and they are broadly

coeval with the andesitic dykes in Map 3. The episodic nature of the oxide-rich andesitic
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Plate 2.26: Field photographs of dark-
purple-weathering oxide-rich andesitic
dykes in Map 3. (a) to (c) Distinctive
banding may represent multiple chilled
margins from melt injections within the
dykes. (d) An irregularly shaped dark-
purple-weathering oxide-rich andesitic
dyke hosted by granodiorite. (e) A block of
a dark-purple-weathering oxide-rich
andesitic dyke within another oxide-rich
andesitic dyke.




dykes is supported by the occurrence of numerous blocks of oxide-rich andesitic dykes
within another oxide-rich andesitic dyke (Plate 2.26¢).

In Map 2, oxide-rich basaltic dykes are hosted by hornblende basaltic dykes and
gabbro. Oxide-rich andesitic dykes are hosted by gabbro and diorite, and they cross-cut
feldspar-porphyritic hornblende basaltic dykes (Plate 2.18). The oxide-rich andesitic
dykes are cross-cut by a basaltic dyke (Plate 2.20a), a non-porphyritic hornblende basaltic
dyke and an andesitic dyke. However, thin, dark-purple-weathering, compositionally
banded dykes occur within the same hornblende basaltic dyke and the same andesitic
dyke that cross-cut oxide-rich andesitic dykes. This indicates that there are at least two
generations of oxide-rich andesitic dykes in Map 2, and that they are broadly coeval with
hornblende basaltic dykes and andesitic dykes.

In Map 1, an oxide-rich andesitic dyke is hosted by diorite (Plates 2.14d and
2.15a) and feldspar porphyry (Plate 2.9d) but does not have any exposed cross-cutting
relationships with other dykes. One of the oxide-rich basaltic dykes (station #129) in this
area is hosted by granodiorite but does not have any exposed cross-cutting relationships
with other dykes. A possible chilled margin is present in an oxide-rich basaltic dyke
(station #174) against a block of feldspar porphyry. This dyke is surrounded by andesitic
dykes, but contact relationshipé between the two units are obscured by shearing and
fracturing.

In Section C-C’, an oxide-rich andesitic dyke shares a contact with a rhyolitic
d.yke (station #50). However, due to quartz veins along the contact, no chilled margin
was observed in either unit in outcrop or in thin section. An oxide-rich basaltic dyke

(station #51) in Section C-C” has a well-developed chilled margin against a block of
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granodiorite, and is cross-cut by an un-sampled mafic dyke that is assumed to be a
hornblende basaltic dyke. An oxide-rich basaltic dyke in Section A-A” displays an
irregular intrusive contact with diorite (Plate 2.14a).

2.2.10.2. Petrography

In thin section, the most striking features of these dykes are their very fine grain
size and high proportion of opaque minerals. Groundmass plagioclase forms subhedral,
elongate laths that are typically ~100 pm long. Groundmass plagioclase crystals are
surrounded by aggregates of secondary chlorite, actinolite and epidote that fill grain
boundaries and tend to encroach on plagioclase grains (Plate 2.27). Opaque minerals
occur as nearly sub-microscopic blebs disseminated throughout each thin section, and
commonly form chains of tiny (<25 pm) euhedral crystals (Plates 2.27a and 2.28a).
These opaque minerals are believed to be igneous magnetite, which would explain the
strongly magnetic character of the dykes. Opaque minerals also locally form larger
aggregates (up to 0.5 mm) with epidote £ chlorite £ actinolite.

Where compositional banding was observed in the field, thin sections reveal that
the ~3 mm wide bands are defined by different proportions of disseminated opaque
minerals, and the bands are accompanied by parallel, ~100 pm thick bands of anhedral
feldspar + quartz. Compositional banding is interpreted to have formed as a result of
- magma flow, evidence of which is also locally preserved in igneous flow foliations
around plagioclase phenocrysts (Plate 2.27b).

All the oxide-rich andesitic dykes analyzed in thin section, and some of the oxide-
rich basaltic dykes, contain round or oval-shaped quartz grains that are significantly

larger than groundmass minerals (Plate 2.27a, ¢ and d). Quartz is generally accompanied




Plate 2.27: Photomicrographs of oxide-rich basaltic (a) and andesitic dykes (b-d) in plane
polarized light, unless otherwise indicated. (a) Quartz, surrounded by chlorite and
epidote, enclosed by a groundmass of tiny feldpsar laths, aggregates and chains of Fe-Ti
oxides and secondary chlorite, epidote and actinolite (sample #129, Map 1). (b) A flow
fabric preserved in the groundmass that surrounds a feldspar phenocryst (sample #56,
Map 3). (¢) Groundmass minerals and larger quartz grains define a fabric that is oriented
horizontally in the photo. This fabric is cross-cut diagonally by a second fabric defined by
ribbons of actinolite (sample #56, Map 3). (d) Viewed in cross polarized light, quartz
forms round and oval-shaped grains and elongate aggregates of anhedral grains (sample
#145, Map 1).
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Plate 2.28: Photomicrographs of oxide-rich andesitic dyke sample #79, Map 2. (a) An
aggregate of epidote crystals, surrounded by quartz, is enclosed by a groundmass of
plagioclase, greenschist-facies minerals and aggregates and chains of Fe-Ti oxides (plane
polarized light). (b) Same view as (a) under crossed polars.




by smaller aggregates of chlorite or epidote, and may represent pockets of SiO,- rich late-
stage igneous fluids. Quartz locally forms elongate aggregates that are up to 5 mm long \
(Plate 2.27d). As well, epidote locally forms large (>100 um) aggregates that tend to be
surrounded by quartz or feldspar (Plate 2.28a and b), which may represent igneous
epidote that crystallized in pockets of SiO»- and trace element-rich late-stage magmatic
fluid. One of the oxide-rich andesitic dykes in Map 3 (sample #56) contains a 3 mm long
aggregate enriched in chlorite and opaque minerals, as well as anomalously large
plagioclase phenocrysts with embayed boundaries that appear to have undergone
resorption. These features imply that this dyke incorporated lithic fragments and
xenocrysts prior to or during emplacement.

The dykes in this unit are characterized by parallel alignment of compositional
bands and elongate quartz aggregates, as well as plagioclase, opaque minerals and
greenschist-facies minerals in the groundmass. This fabric is thought to have developed
during igneous flow. However, in a thin section from an oxide-rich andesitic dyke in
Map 3 (sample #56), flow foliation is intersected by a second fabric, which is interpreted

to have formed during deformation (Plate 2.27¢).

2.2.11. Rhyolitic dykes

2.2.11.1. Lithology and field relationships

In these white-weathering dykes, tiny feldspar phenocrysts (<5%) are enclosed by
a very fine-grained, glassy, dark grey groundmass. Rhyolitic dykes often resemble

feldspar porphyry septa, but they are distinguished by their darker grey, glassy

groundmass, white weathering colour, smaller, less abundant feldspar phenocrysts and the
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presence of flow banding. Alternating light green and dark grey flow bands range in
width from 1 mm to 1 cm and occur throughout rhyolitic dykes (Plate 2.29a). The flow
bands are most well-developed near dyke margins and are parallel to contacts with host
rocks (Plates 2.9¢, 2.15d and 2.23d). Locally, rhyolitic dykes also display autobrecciation
(Plate 2.29b).

Twenty cm- to-1 m wide rhyolitic dykes were mapped in Sections A-A’, B-B” and
C-C’, as well as in Map 1, and they represent some of the youngest magmatic events in
the study area. In Section A-A’, a rhyolitic dyke seems to have intruded along the contact
between feldspar porphyry and diorite (Plate 2.15¢), displaying subtle chilled margins
against both units. Flow banding that is parallel to the contact with feldspar
porphyry and autobrecciation adjacent to the contact with diorite (Plate 2.29b) also
suggest that the rhyolitic dyke is younger than both units. However, a rhyolitic dyke in
Section A-A’ appears to be cross-cut by an unsampled mafic dyke. This mafic dyke
contains blocks of rhyolitic composition that seem to have been plucked from the
adjacent rhyolitic dyke (Plate 2.29c¢).

In Section B-B’, rhyolitic dykes are chilled against dark grey-weathering mafic
rocks that are believed to be mafic dykes and diorite (Plate 2.29d). In addition, a ~4 m
“wide rhyolitic dyke outcrops along Section B-B’, in the hillside immediately east of Map
I (Plate 2.29¢). Flow banding in this rhyolitic dyke is parallel to dyke margins and it is
hosted by mafic rocks that are thought to be diorite. This dyke is unique among the
rhyolitic dykes in the study area because the centre of the dyke is occupied by a dark-
grey-weathering mafic dyke with the same orientation. The mafic dyke may have

intruded the rhyolitic dyke after it was crystallized, although no chilled margins were
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Plate 2.29: Field photographs of rhyolitic dykes. (a) Alternating light green and grey
flow bands parallel to the dyke margin (Map 1). (b) Autobrecciation in the dyke margin
adjacent to the contact with diorite (Section A-A"). (c) A piece of a rhyolitic dyke within a
mafic dyke (Section A-A’). (d) A chilled margin in a rhyolitic dyke against mafic rocks
(Section B-B’). (¢) A ~4 m wide rhyolitic dyke with a mafic interior, which may be a
mafic dyke. Photomicrographs of this rhyolitic dyke are shown in Plate 2.31a and b
(Section B-B’). (f) A rhyolitic dyke hosted by diorite. Flow banding in this dyke is shown
in (a). Photomicrographs of this dyke are shown in Plates 2.30 and 2.31c and d (Map 1).
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observed in the mafic dyke, perhaps due to shearing along contacts. Another possibility
is that the mafic dyke and rhyolitic dyke were emplaced simultaneously.

A 1 m thick rhyolitic dyke extends for at least 45 m across Map 1, hosted by
feldspar porphyry and diorite (Plate 2.29f). This dyke has well-developed flow banding
that is parallel to contacts with both host rocks (Plates 2.9¢ and 2.15), and it also cross-
cuts an andesitic dyke (Plate 2.23d). Because andesitic dykes represent some of the
youngest magmatism in the study area, this rhyolitic dyke must also be one of the latest
magmatic events.

2.2.11.2. Petrography

In thin section, plagioclase and alkali feldspar phenocrysts form euhedral blocky
laths with simple twins, and some plagioclase crystals display lamellar twinning (Plate
2.30a-c). The phenocrysts range in size from ~250 pm to 1.5 mm but are about 0.5 mm
on average. They are surrounded by a very fine-grained groundmass that consists of tiny
(<50 pm) subhedral to euhedral elongate plagioclase laths enclosed by anhedral quartz
and feldspar, which locally form oval-shaped patches (Plate 2.30a-d). Anhedral quartz
and feldspar in the groundmass are interpreted to be products of the devitrification of
glass. In many rhyolitic dykes, aggregates of anhedral quartz grains form tails on feldspar
phenocrysts and also occur as up to 2.5 mm long elongate pods that may have crystallized
from pockets of residual, SiO,-rich igneous melt (Plate 2.30d). Epidote, chlorite and
opaque minerals occur as anhedral blebs and clots throughout the groundmass (Plate
2.30b), and epidote veins are common.

In addition to feldspar phenocrysts, one rhyolitic dyke in Section B-B* (sample

#204) contains minor amounts of euhedral, light-to-dark brown pleochroic, ~0.5 mm long
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Plate 2.30: Photomicrographs of the rhyolitic dyke in Map 1 under crossed polars, unless
otherwise indicated. (a) A cluster of feldspar phenocrysts, accompanied by an aggregate
of chlorite (sample #142). (b) A feldspar phenocryst surrounded by a very fine-grained
groundmass that includes clots of chlorite and Fe-Ti-oxides (plane polarized light, sample
#141). (c) Same view in (b) under crossed polars, showing an oval-shaped patch of
feldspar enclosing feldspar laths in the groundmass. (d) Igneous flow foliation at the
centre of a rhyolitic dyke, defined by the parallel orientation of feldspar phenocrysts and
elongate quartz aggregates, as well as feldspar patches and chlorite clots in the
groundmass (sample #141).
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hornblende phenocrysts (Plate 2.31a and b). The feldspar phenocrysts in this dyke exhibit
signs of deformation, including undulatory extinction, irregular, wavy boundaries and
tails filled with chlorite (Plate 2.31a and b). This deformation may have occurred during
igneous flow.

Flow banding is typically formed by bands enriched in feldspar patches in the
groundmass alternating with bands enriched in chlorite and opaque minerals (Plate 2.31¢
and d), although some rhyolitic dykes exhibit more subtle flow banding defined by
different concentrations of disseminated opaque minerals. Along dyke margins, where
ﬂhow banding is most apparent, as well as in dyke interiors, most minerals are oriented
parallel to the direction of flow, including elongate quartz aggregates, chains of epidote
crystals and opaque minerals, clots of chlorite, oval-shaped patches of feldspar and

feldspar laths in the groundmass.

2.3. Structural elements of the HCC

Several deformation features were observed during mapping at Bauline, including
cleavage, joints and faults. As well, the occurrence of the dyke swarm signifies numerous
fractures in the study area. However, deformation did not uniformly affect the study area,
and variations in structural data indicate a complex deformational history. While a
complete structural analysis is beyond the scope of this study, a synopsis of deformation

in the study area is provided below, and structural data are shown in Figure 2.1.
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Plate 2.31: Photomicrographs of rhyolitic dykes in plane polarized light, unless
otherwise indicated. (a) The alignment of hornblende and feldspar phenocrysts and
groundmass minerals defines a foliation that may be attributed to igneous flow. Note the
“tails” of chlorite on feldspar phenocrysts (sample #204, Section B-B’). (b) Same view as
(a) under crossed polars, showing deformation and partial recrystallization of feldspar
phenocrysts. (¢) Well-developed flow banding near dyke margin, defined by feldspar-rich
bands alternating with chlorite- and Fe-Ti-oxide-rich bands (sample #142, Map 1). (d)
Same view as (¢) under crossed polars, highlighting oval-shaped feldspar patches in
feldspar-rich flow bands.
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Figure 2.1: Structural data, including dyke orientations, cleavage
and joints, plotted on stereonets and rose diagrams. Contours on
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stereonets show density of poles to planes (increased density is
shown by darker contours), and the mean orientation of the data is
given in strike/dip (RH) and plotted as a great circle. Since dip
could not be measured for some dykes and cleavage planes, strike
data are plotted on rose diagrams. The inset map of the study area
indicates the locations of the structural data. Pink=Herring Cove
Diorite; Green=Horse Cove Complex. The red dotted line indicates
the location of an inferred fault.
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- 2.3.1. Dyke orientations

The orientations of several dykes were measured in each of the maps and cross-
sections in the study area, except for Section B-B". Individual dykes are difficult to
identify in this cross-section, due to shearing and lichen-cover. Orientations were
determined for only a fraction of the dykes in the study area because there are a limited
number of dykes with the necessary exposure to reliably measure strike and dip. For
some dykes in Maps 1-3, dip could not be measured and strike data are plotted on rose
diagrams in Figure 2.1. While the dykes in the study area are all steeply dipping, dykes
on the east side of the study area in Map 1 and Section A-A’ strike NE-SW, whereas
dykes on the west side of the study area in Maps 2 & 3 and Section C-C~ strike NW-SE

(Figure 2.1).

2.3.2. Joints

Joint sets were observed in some rock units in Map 1. In feldspar porphyry
throughout Map 1, E-W and NW-SE-striking fractures are spaced about 5-10 cm apart
and dip 10-30° to the east. Joints are also common in the andesitic dykes in the centre of
Map 1, and have similar orientations to those in feldspar porphyry. Joints were also
observed in certain hornblende basaltic and basaltic-andesitic dykes in the western end of
Map 1. These fractures are spaced 5-10 cm apart, strike NE-SW and dip about 35° to the

east. The orientations of five joint sets are plotted on a stereonet in Figure 2.1.
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2.3.3. Faults

Because the dykes in Map 1 and Section A-A’ strike in a different direction from
the dykes in Maps 2 & 3 and Section C-C’, it is possible that the original dyke
orientations were altered by a fault that separates the east and west sides of the study area.
The trace of this interpreted fault is shown on the inset map in Figure 2.1. In Map 3,
several smaller-scale, NE-SW-striking faults have produced dextral, ~ 1 m offsets
towards the SW (200°). Granodiorite and several types of dykes are offset, including
basaltic, andesitic (Plate 2.32a) and oxide-rich andesitic dykes (Plate 2.32b). Gravel-
sized granodiorite breccia was observed along the faults, and one fault zone is occupied
by a sheared basaltic dyke that contains lozenge-shaped, brecciated fragments of

granodiorite and oxide-rich andesitic dykes (Plate 2.32c).

2.3.4. Shear zones and cleavage

NE-SW-striking, W-dipping deformation cleavage occurs extensively in Maps 1|
and 3 (Figure 2.1). Although cleavage was observed throughout Map 1, the most strongly
developed cleavage i1s ¢oncentrated in localized, NE-SW-striking shear zones that are
approximately 2-5 m wide. Thése shear zones are characterized by deformed, lozenge-
shaped blocks of granodiorite hosted by strongly sheared mafic-to-intermediate rocks
(Plate 2.3b and ¢). While cleavage seems to affect all mafic-to-intermediate rock units,
cleavage was not observed in feldspar porphyry or rhyolitic dykes, although granodiorite

locally displays NE-SW-trending quartz ribbons (Plate 2.1a).
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Deformation fabrics are not present in Map 2, but subtle foliations occur in some
mafic thin sections (e.g. Plate 2.19¢). As well, one of the granodiorite blocks in Map 2
displays blastomylonitic texture and quartz ribbons in thin section (sample #68).

The rocks in all three cross-sections locally display shear fabrics, most commonly
in mafic-to-intermediate dykes, but these fabrics were rarely measured because they are
typically parallel to wavy, irregular dyke boundaries. In general, deformation cleavage is

more extensive and more strongly developed proximal to the coast of Conception Bay.

2.3.5. Interpretation of structural elements

As mentioned in Chapter 1, the NE-trending Topsail Fault is exposed southwest of
the study area and the trace of the fault can be extrapolated along the east coast of
Conception Bay. In rocks east of the Topsail Fault, previous studies (e.g. King, 1988,
1990) have found evidence of polyphase deformation associated with the Topsail Fault,
including sinistral, dextral and olique-slip motions and an overall eastward directed
thrusting. Thus, many of the structures observed in the study area may be attributed to
the proximity of the Topsail Fault.

The extensive dyke swarm in the study area, and along other sections of the east
coast of Conception Bay, indicates a period of extension accompanied by magmatism.
Extension may have occurred before the development of the Topsail Fault, or it may
represent one of many episodes of deformation during the polyphase deformation history

of the Topsail Fault. The difference in orientation of the dykes across the study area

implies that either the fractures that accommodate the dykes opened in two different
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directions, or that the east and west sides of the study area are separated by an unexposed
fault that altered the orientations of the dykes.

King (1990) stated that NE-trending faults on the NE Avalon Peninsula, including
the Pouch Cove River and Shoe Cove faults (Figure 1.3), may be splays from the nearby
Topsail Fault. Thus, the inferred fault at Bauline that is interpreted to separate the east
and west sides of the study area may also represent a splay from the Topsail Fault that
postdates the emplacement of the dyke swarm. However, the sense of movement along
this inferred fault remains uncertain, especially in light of the complex, multi-directional
deformation history of the Topsail Fault.

Because cleavage in Maps 1 and 3 strikes NE-SW and dips about 45-60W, both
areas, and‘perhaps the entire study area, appear to have been affected by the same
cleavage-forming deformation event. As granodiorite appears to be the oldest rock in the
study area, it is possible that the quartz ribbons in granodiorite formed during an earlier
deformation event. Since the NE-SW orientation of quartz ribbons is parallel to the
orientation of cleavage in other rock units, both fabrics may have developed under similar
deformational stresses. The absence of cleavage in rhyolitic dykes and feldspar porphyry
may be explained by the relative structural competence of these rock types. As well,
since the strike of the cleavage is roughly parallel to the direction of offset of the small-
scale faults in Map 3, the faults may have formed during a dextral strike-slip component
of the cleavage-forming deformation event.

Because the area in which Map 2 is located is relatively undeformed, it may lie on
a structural block that was isolated from the cleavage-forming deformation event.

However, subtle deformation fabrics observed in thin sections of certain mafic dykes (e.g.
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Plate 2.19¢, sample #78) suggest that the area in which Map 2 is located has undergone
weak deformation. The blastomylonitic texture and quartz ribbons observed in a
granodiorite thin section from Map 2 (sample #68) indicate that, like granodiorite in M'ap
1, granodiorite in Map 2 has been locally affected by ductile deformation. Since the
deformed granodiorite block is surrounded by younger, undeformed mafic dykes,
granodiorite appears to have undergone deformation prior to the intrusion of the adjacent
mafic dykes. If the deformed granodiorite block is not in situ, it may have undergone
deformation at depth or elsewhere, prior to the magmatic or structural transport of the
granodiorite block to its current position.

Cleavage development is interpreted to be post-magmatic, since it affects almost
all rock units, including those with the youngest interpreted ages. The faults in Map 3,
like the cleavage, appear to post-date magmatism, because offsets were observed in
several rock units of different interpreted ages. Furthermore, cleavage seems to have
developed after inferred movement along the fault that is interpreted to separate the east
and west sides of the study area because cleavage has a nearly uniform orientation on
both sides of the inferred fault. |

As discussed in Chapter 1, the east coast of Conception Bay is affected by a NE-
trending regional foliation that is attributed to deformation along the Topsail Fault
(Sparkes, 2006). Because the deformation cleavage that affects the rocks in Bauline also
strikes NE-SW, and since Bauline is in close proximity to the extrapolated trace of the
Topsail Fault, the cleavage in the study area is probably equivalent to the regional NE-

trending foliation that is associated with the Topsail Fault.
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The spatial correlation of the HCC dyke swarm with the extrapolated trace of the
Topsail Fault suggests a relationship between these two events. The Topsail Fault may
have propagated along the zone of weakness formed by the HCC dyke swarm.
Alternatively, the Topsail Fault may have provided a zone of weakness for the
emplacement of the dyke swarm, and NE-SW-oriented cleavage may have developed in
the dykes during the prolonged deformational history of the Topsail Fault.

The relationship between the joint sets in Map 1 and the other deformation
features in the study area is uncertain, although the orientations of the joints are different
from the orientations of dykes, cleavage and faults. It is possible that these fractures are
synchronous with other brittle structures on the NE Avalon Peninsula, such as the E-W-
trending Portugal Cove-Windsor Lake Fault (King, 1990). Similar to this fault, the joints
in the study area may post-date eastward directed thrusting and could be related to late-

stage folding, or alternatively, may represent unrelated deformation events.
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CHAPTER 3: GEOCHRONOLOGY

3.1. Sample selection

To constrain the age of magmatism in the Horse Cove Complex (HCC), four rock
units were selected for U/Pb zircon geochronology, including granodiorite, feldspar
porphyry, an andesitic dyke and a rhyolitic dyke. These units were selected for dating
based on well-defined field relationships that bracket the age of magmatism in the HCC
and because their compositions favour the formation of zircon. A sample (#210) was also
collected from a feldspar porphyritic basaltic dyke in Map 2 but no datable minerals were
found after processing. The locations of the geochronology samples are shown in Figures
3.1 and 3.2. The samples were dated using the chemical abrasion TIMS method
(Mattinson, 2005). Sample preparation and analysis are described in Appendix B. The U
and Pb concentrations, isotopic data, ages and uncertainties of the four samples analyzed
in this study are compiled in Table 3.1, and concordia diagrams are shown in Figure 3.3.

Granodiorite was chosen for U/Pb zircon geochronology because field
relationships throughout the study area iﬁdicate that it predates all other magmatism and
therefore provides the older age limit for the HCC. The granodiorite sample that was
selected for dating (#211) is from a large granodiorite body in the centre of Map 1.
Samples were collected from the rhyolitic dyke in Map 1 (#212) and the andesitic dyke in
Map 2 (#209) to define a younger age limit for the HCC. Since the andesitic dyke in Map
2 cross-cuts several other dykes, it is known to be among the yourigest magmatic events

in the study area. As well, the rhyolitic dyke in Map 1 is hosted by feldspar porphyry and
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Figure 3.1: Detail of Map 1, showing the locations of U/Pb zircon geochronology
samples DS-09-211 in granodiorite, DS-09-212 in a rhyolitic dyke and DS-09-213 in
feldspar porphyry. Note the occurence of granodiorite and feldspar porphyry as blocks
surrounded by diorite and dykes, and that feldspar porphyry and diorite are cross-cut by

the rhyolitic dyke.
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Figure 3.2: Detail of Map 2, showing the locations of U/Pb zircon geochronology
samples DS-09-209 in an andesitic dyke and DS-09-210 in a basaltic dyke. Note that the
andesitic dyke cross-cuts numerous rock units, including gabbro, feldspar-porphyritic
hornblende basaltic dykes, oxide-rich andesitic dykes and a basaltic dyke. The andesitic
dyke is cross-cut by a basaltic-andesitic dyke and oxide-rich andesitic dykes, although the
contacts and intrusive relationships of these dykes are not well defined.
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Table 3.1: U/Pb i1sotopic data for four rock samples from the Bauline area in the Avalon Zone, Conception Bay, Newfoundland.

Samples #211-213 are from Map 1 and sample #209 is from Map 2.

Fraction Concentration Measured Corrected Atomic Ratios Age (Ma)
Weight U Pb total 206Pb 208Pb 206Pb 207Pb 207Pb 206Pb 207Pb 207Ph|
| rad common Pb —— ——— e
(mg) (ppm) (ppm) (pe) 204Pb 206Pb 238U + 235U + 206Pb + | 238U 235U 206Ph|

Andesitic Dyke: DS-09-209 (362404, 5287013)

Zl 6clrprm& frag 0.006 82 8.9 9 359 02719 009387 50 07712 70 0.05959 46 578 580 589

Z2 3 crpm& frag 0.003 109 11.9 7 307 02831 00938 64 07712 148 005959 100 578 580 589

Z3 6 clrpm 0.006 68 10.1 6 588 0.1726 0.13868 142 1.4283 124 0.07470 52 837 901 1060

Granodiorite: DS-09-211 (362450, 5287134)

Z1 4 euh prm 0.006 217 245 4 4574 02225 0.10181 58 0.8489 48 0.06047 22 625 624 621

72 7 clreuh pmm 0.010 370 409 2 12589 0.2032 0.10181 38 08502 28 0.06056 14 625 625 624
et Z3 4 clreuh pm 0.006 251 27.6 8 1259 02016 0.10147 56 0.8487 68 0.00066 38 623 624 627
— 74 4 clreuh pmm 0.006 430 480 2 7900 02096 0.10203 42 08508 34 0.06048 12 626 625 621

Rhyolitic Dyke: DS-09-212 (362480, 5287142)

Zl 4 clrpm 0.006 134 14.4 1 3631 02573 0.09428 72 0.7720 68 0.05939 50 581 581 581

Z2 6 clreuh pmm 0009 114 12.0 1 5663 02316 009449 56 07722 44 0.05927 30 582 581 577

Z3 3 clrprm 0004 197 210 1 4626 02516 009452 56 0.7732 46 005933 24 582 582 579

Z4 4 clrpmm 0.006 89 94 2 1903 02465 0.09%416 128 0.7706 96 0.05936 56 580 580 580

Z5 3 clrpm 0004 71 74 1 1519 02336 0.09374 94 0.7664 82 0.05930 46 578 578 578

Feldspar Porphyry: DS-09-213 (362477, 5287127)

Z1 6 clreuh pmm 0.006 142 15.3 5 961 02613 0.09429 50 0.7721 90 0.05939 58 581 581 582

Z2 4 clreuh pm 0.004 132 14.0 15 224 02502 0.09411 80 0.7759 64 0.05980 40 580 583 596

Z3 2 clreuh pm 0.002 84 9.0 9 134 02623 009492 76 0.7838 320 0.05989 224 585 588 600

74 4 clreuh pm 0.004 120 13.0 6 505 02755 009427 62 0.7732 86 0.05948 58 581 582 585

Notes: All zircons were chemically abraded (Mattinson 2005) prior to dissolution; Z=zircon; 3,6, ctc.=number of grains in analysis: clr=clear; cuh=cuhedral;
prm=prisms; frag=fragments, mg=milligrams, ppm=parts per million, pg=picograms: UTM's (casting, northing) after sample number (NAD 27, Zone 22); crrors reported

after ratios are two sigma uncertainties.
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Figure 3.3: Concordia diagrams for the four samples selected for U/Pb geochronology
from the Horse Cove Complex. U/Pb zircon ages are indicated in inset boxes.
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diorite and appears to cross-cut an andesitic dyke. Therefore, the rhyolitic dyke is also a
candidate for the youngest magmatic event in the HCC. The fourth U/Pb geochronology
sample was taken from a large body of feldspar porphyry in Map 1 (#213). This feldspar
porphyry body is cross-cut by the rhyolitic dyke from which sample #212 was taken.
Because field evidence indicates that feldspar porphyry is younger than granodiorite but
older than diorite and the swarm of mafic to felsic dykes, the U/Pb age of feldspar
porphyry provides an intermediate age for magmatism in the study area. This age further
constrains the timing of magmatism in the HCC within the age range bracketed by

granodiorite and the rhyolitic and andesitic dykes.

3.2. Results

3.2.1. Granodiorite

Granodiorite yielded abundant, clear, euhedral zircons that formed 2:1 prisms
(Plate 3.1a), and cathodeluminesence (CL) images show clear igneous growth zoning
(Plate 3.2a). With U concentrations in the four measured fractions ranging from 217 ppm
to 430 ppm, and a mean U concentration of 317 ppm, the zircons in granodiorite had the
highest U concentrations of the four samples analyzed. The zircons in granodiorite also
had the lowest 2**Pb/*"°Pb ratio of the four rocks analyzed, signifying lower Th/U in the
granodiorite melt. At the 95% confidence interval, this sample yielded a U/Pb age of 625

+ 1.4 Ma (MSWD = 0.86).
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Plate 3.1: Plane polarized light photomicrographs of zircon from each of the samples
selected for U/Pb geochronology. (a) Clear, euhedral 2:1 prisms from granodiorite
(sample DS-09-211). (b) Clear, euhedral 3:1 prisms from a rhyolitic dyke (sample DS-09-
212). (¢) Clear, euhredral 2:1 prisms from feldspar porphyry (sample DS-09-213). (d)
Clear 2:1 prisms from an andesitic dyke (sample DS-09-209), including subhedral
crystals, smaller subrounded grains and crystal fragments.
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Plate 3.2: Cathodeluminescence images of zircon from three of the four samples chosen
for U/Pb geochronology, including granodiorite (DS-09-211), a rhyolitic dyke (DS-09-
212) and feldspar porphyry (DS-09-213). All scale bars are 100 pm.
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3.2.2. Rhyolitic dyke

The rhyolitic dyke contained abundant zircons that formed clear, euhedral 3:1
prisms (Plate 3.1b) with longitudinal zoning visible in CL (Plate 3.2b). The five
measured fractions yield a U/Pb age of 581.2 £ 1.8 Ma (MSWD = 0.61). However, the
200p/ 238U ratio for fraction Z5 is significantly lower than all the other fractions, perhaps
because it has some Pb loss that was not eliminated by chemical abrasion. When the
U/Pb age is calculated for fractions Z1-Z4, the U/Pb age is 581.7 £ 1.9 Ma (MSWD =
0.17) at the 95% confidence interval. This age is accepted as the age of the rhyolitic dyke
because it avoids possible Pb loss from fraction Z5 and has a lower MSWD than the age

calculated using all five fractions.

3.2.3. Feldspar porphyry

This sample contained the most abundant, best quality zircons of all the samples
dated. The zircons in this sample occurred as very clear, euhedral 2:1 prisms and well-
developed igneous growth zoning was revealed by cathodoluminescence (Plates 3.1¢ and
3.2¢). The U concentrations and “**Pb/*°Pb ratios of the zircons measured in this sample
were similar to those in the zircons in the rhyolitic dyke. At the 95% confidence interval,
the four measured fractions from this sample yielded a U/Pb age of 581.4 + 1.8 Ma
(MSWD = 0.91). However, fraction Z3 had a significantly higher proportion of common
Pb and it is shifted to the right on the Concordia diagram, rendering it less reliable than
the other fractions. Calculated without fraction Z3, the U/Pb age for this sample is 580.6
+ 2.0 Ma at the 95% confidence interval (MSWD = 0.076). This age has a much lower

MSWD and is the accepted age for feldspar porphyry.




3.2.4. Andesitic dyke

| The andesitic dyke contained clear, subhedral 2:1 prisms of various sizes that
represent three populations: small, sub-rounded zircons; larger zircons with one or more
crystal faces; and crystal fragments that did not match either of these groups. The largest
zircons with the best-developed crystal faces (Plate 3.1d) were selected for dating, but
none of these zircons could be spared for CL imaging. Two of the three measured
fractions gave a U/Pb age of 578.4 £ 2.3 Ma (MSWD = 0.00061) at the 95% confidence
interval. These two fractions have the highest “*Pb/*"°Pb ratios of all samples, but the U
concentrations were similar to those in the zircons from the rhyolitic dyke and feldspar
porphyry.

Fraction Z3 was not used to calculate the U/Pb age of the andesitic dyke because
it plotted below Concordia and gave an anomalously older U/Pb age of about 900 Ma.
The age of this fraction can be attributed to one or more inherited zircon crystals or
inherited cores among the six crystals analyzed in fraction Z3. The inherited component
of fraction Z3 yielded an average age of 1387 + 36 Ma at the 95% confidence interval.
Fraction Z3 also has a lower “"*Pb/*"°Pb ratio than the other two fractions in this sample,
indicating that the inherited component in this fraction may have crystallized in a melt

with a lower Th/U than that for fractions Z1 and Z2.

3.3. Discussion
3.3.1. Age of the Horse Cove Complex
With a U/Pb age of 625 = 1.4 Ma, granodiorite is the oldest unit among the four

units that were dated using U/Pb geochronology. This supports the interpretation of field
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relationships discussed in Chapter 2, which indicate that granodiorite predates all other

rocks in the study area. U/Pb geochronology has revealed that the rhyolitic dyke, feldspar
porphyry and the andesitic dyke, with U/Pb ages of 581 + 1.9 Ma, 580.6 + 2.0 Ma and
578.4 + 2.3 Ma, respectively, are all at least 40 Ma younger than the granodiorite. The
U/Pb ages of these three units overlap within their combined uncertainties, raising the
possibility that they were emplacéd simultaneously. However, as discussed in Chapter 2,
field relationships indicate that the 581.7 & 1.9 Ma rhyolitic dyke is younger than the
580.6 + 2.0 Ma feldspar porphyry. Therefore, the rhyolitic dyke is no older than 582.6
Ma, and it may be as much as 2.8 Ma younger than feldspar porphyry.

The 578.4 + 2.3 Ma U/Pb age of the andesitic dyke implies that it is the youngest
rock unit of those dated in the study area. The lack of field relationships between the
andesitic dyke that was selected for U/Pb geochronology and the 581.7 &+ 1.9 Ma rhyolitic
dyke and the 580.6 + 2.0 Ma feldspar porphyry does not allow their direct comparison.
Nevertheless, because the 581.7 + 1.9 Ma rhyolitic dyke cross-cuts an unsampled, light
grey-weathering dyke that is interpreted to be an andesitic dyke, it appears to be younger
than at least one andesitic dyke in the study area. However, since this andesitic dyke was
not sampled, its petrographic and geochemical equivalence to the 578.4 + 2.3 Ma
andesitic dyke cannot be proven. Furthermore, even if they were found to be from
equivalent melts, the two andesitic dykes need not be the same age. Thus, it remains
uncertain whether the 578.4 + 2.3 Ma andesitic dyke is indeed younger than the 581.7 +
1.9 Ma rhyolitic dyke, but the two rocks must have been emplaced within 6.5 Ma of each

other.
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U/Pb geochronology indicates that the 578.4 + 2.3 Ma andesitic dyke and the

580.6 + 2.0 Ma feldspar porphyry also crystallized within 6.5 Ma of each other. Because
the 578.4 + 2.3 Ma andesitic dyke is not in contact with feldspar porphyry, and their U/Pb
ages overlap in uncertainty, their age relationship is ambiguous. However, feldspar
porphyry in Map 1, including the feldspar porphyry body that was dated at 580.6 + 2.0
Ma, is cross-cut by numerous andesitic dykes that are geochemically and petrographically

similar to the 578.4 + 2.3 Ma andesitic dyke in Map 2. Therefore, it is likely that the

578.4 + 2.3 Ma andesitic dyke is also younger than feldspar porphyry.

Regardless of the relative age relationships between the feldspar porphyry,
rhyolitic dyke and andesitic dyke that were selected for U/Pb geochronology, it is clear
that they bracket a narrow window of magmatism spanning, at most, 6.5 Ma. The ages of
these units, together with the U/Pb age of 625 + 1.4 Ma for granodiorite, record ~40 Ma
of geological history in the study area. However, field relationships demonstrate that the
majority of rocks in the study area postdate feldspar porphyry. For instance, diorite is
interpreted to be younger than feldspar porphyry because it surrounds numerous blocks of
feldspar porphyry that are petrographically and geochemically comparable. Because field
evidence suggests that diorite is younger than the 580.6 &+ 2.0 Ma feldspar porphyry, and
it is clearly cross-cut by the 581.7 + 1.9 Ma rhyolitic dyke, the age of diorite is
constrained between 582.6 Ma and 579.8 Ma.

Feldspar porphyry is cross-cut by several types of dykes in Map 1 and Section A-

\ A’. including dykes of rhyolitic, andesitic, oxide-rich andesitic, basaltic-andesitic and

i hornblende-porphyritic andesitic compositions. Because many dykes in the study area do

not share cross-cutting relationships with feldspar porphyry, it is impossible to know
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whether the entire dyke swarm postdates feldspar porphyry. However, many of the dykes
that are not in contact with feldspar porphyry are hosted by diorite, or are known to be
younger than those hosted by diorite, which is interpreted to be younger than feldspar
porphyry. Therefore, it is plausible that the entire dyke swarm in the study area is
younger than feldspar porphyry, and that the U/Pb zircon age of 580.6 + 2.0 Ma for the
feldspar porphyry provides the older age limit for the entire dyke swarm. Nevertheless,
complex cross-cutting relationships validate the episodic nature of the dyke swarm,
preventing absolute proof that all dykes are younger than feldspar porphyry.

The 578.4 + 2.3 Ma andesitic dyke in Map 2 cross-cuts several rock units,
including gabbro, feldspar-porphyritic hornblende basaltic dykes, oxide-rich andesitic
dykes and a basaltic dyke. Since it represents a single magmatic event that is
unmistakably younger than several dykes, the 578.4 + 2.3 Ma andesitic dyke provides the
best estimate for the younger age limit of magmatism in the HCC. Throughout the study
area, andesitic dykes commonly cross-cut other dykes of various compositions and are
seldom cross-cut by other intrusions. Therefore, it is reasonable to assume that other
andesitic dykes also represent the youngest magmatism in the HCC in the study area, and
that they are coeval with the 578.4 + 2.3 Ma andesitic dyke. There are, however, certain
dykes that appear to postdate the andesitic dykes, as mentioned in Chapter 2. For
instance, oxide-rich andesitic dykes and a basaltic-andesitic dyke cross-cut the 578.4 +
2.3 Ma andesitic dyke in Map 2, and a ~5 cm wide oxide-rich andesitic dyke cross-cuts an
andesitic dyke in Map 3. As well, andesitic dykes in Map 1 appear to be locally intruded
by unsampled mafic dykes and an oxide-rich basaltic dyke, although deformation has

partially obscured contacts and intrusive relationships are unclear. Despite limited
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evidence of magmatism following the andesitic dykes, the best estimate of the younger
limit of magmatism in the HCC is the U/Pb age of 578.4 £ 2.3 Ma for the andesitic dyke
in Map 2.

In summary, U/Pb geochronology of four key rock units has revealed a ~40 Ma
age gap between the crystallization of granodiorite and the emplacement of all other
mapped magmatic events in the study area. The U/Pb age of 625 + 1.4 Ma for
granodiorite confirms that granodiorite is either the in situ host rock for subsequent
magmatism, or was tectonically or magmatically transported as blocks from an older
intrusion. Because nearly all the magmatism in the HCC in the Bauline area appears to
have occurred after the intrusion of feldspar porphyry and before the emplacement of the
andesitic dykes, the best estimate for the duration of the majority of magmatism in the
HCC is provided by the U/Pb zircon ages of these two units. Thus, most magmatism in
the Bauline area appears to have occurred during a relatively short period of up to 6.5 Ma,
between about 582.6 Ma and 576.1 Ma. At the other limit of interpretation, all dykes
could have been emplaced very rapidly, within, for example, 100 000 years. The inferred
sequence of magmatic events in the HCC is summarized schematically in Figure 3.4.

The U/Pb age determination for magmatism in the HCC has implications for the
age of deformation in the study area. The fractures that now accommodate dykes must
have opened during emplacement of the dyke swarm, between about 582.6 Ma and 576.1
Ma. As discussed in Chapter 2, the difference in orientation of the dykes across the study
area may be due to movement along an unexposed fault. Displacement along this fault
must have occurred either during or after the emplacement of the dyke swarm, after about

582.6 Ma. As examined in Chapter 2, the timing of the deformation event responsible for
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Figure 3.4: Schematic representation of
magmatic events in the Horse Cove
Complex in the study area. Rock units
are coloured according to the legend for
Map 1, except for the orange unit, which
represents the unexposed host rocks of
the granodiorite intrusion. These rocks
may correlate to the ca. 729 Ma Hawke
Hills Tuff, which hosts the ca. 625 Ma
Holyrood Intrusive Suite south of the
study area.




the formation of NE-SW-oriented cleavage is a complex issue. All rock units in the study
area, except for those in Map 2, exhibit NE-SW-oriented cleavage, and therefore must
pre-date the deformation event that created the cleavage. It is possible that this
deformation event occurred after the dyke swarm, post-576.1 Ma, but left the area studied
in Map 2 unaffected on an isolated structural block. Another theory is that the
deformation event that formed the NE-SW-oriented cleavage is younger than all the rocks
in the study area except for those in Map 2. In this case, the deformation event would be
bracketed between 582.6 Ma, the older age limit on the dyke swarm, and 580.7 Ma, the
older age limit on the andesitic dyke in Map 2. It is possible that quartz ribbons in
granodiorite, including those in the dated sample, formed during the deformation event
that formed NE-SW-oriented cleavage because the quartz ribbons are also oriented NE-
SW. However, quartz ribbons, granulation and other brittle and ductile deformation
features observed in granodiorite may be the products of a complex and protracted

deformation history, as permitted by the significantly older age of this rock.

3.3.2. Regional age correlations

U/Pb geochronology of four key rock units at Bauline allows temporal
correlations to be made with other dated rocks on the NE Avalon Peninsula. A summary
of all known post-630 Ma U/Pb ages from the NE Avalon Peninsula is provided in Figure
3.5. The U/Pb zircon age of 625 + 1.4 Ma for granodiorite in this study overlaps with
established U/Pb zircon ages of granitoid rocks in the Holyrood Intrusive Suite (HIS).

These rocks include the 622.5 + 1.3 Ma pink, white and green granite dated by Sparkes
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Figure 3.5: A summary of U/Pb zircon geochronological data for the NE Avalon
Peninsula after 630 Ma, modified after Sparkes (2005). HIS=Holyrood Intrusive Suite;
WHIS=White Hills Intrusive Suite; WMVS=White Mountain Volcanic Suite;
WHPC=Wych Hazel Pond Complex; MVS=Manuels Volcanic Suite; HCC=Horse Cove
Complex. Except for the HCC ages from this study, all U/Pb ages were determined by
Sparkes (2005), apart from the ages of the HIS pink, white and green granite (O’Brien ef
al. 2001; modified by Sparkes 2005), the HIS Butler’s Pond Porphyry (Sparkes et al.
2002), the HIS granite (Krogh ez al. 1988) and the Cripple Cove dacitic dyke (Cooper,
2011).
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(2005), modified from the age initially determined by O’Brien et al. (2001), and the 622 +
2 Ma Butler’s Pond Porphyry dated by Sparkes et al. (2002). The granodiorite from
Bauline also overlaps in age with two rocks from the White Hills Intrusive Suite (WHIS),
which occurs near the eastern margin of the Holyrood Horst and shares a faulted or
inferred intrusive contact with granite of the HIS (Sparkes, 2005). The dated rocks from
the WHIS include a 623.5 + 3.5 Ma monzonite and a quartz-feldspar porphyry that
crystallized at 625 + 2.5 Ma (Sparkes, 2005; Sparkes et al., 2005). In addition, the 625 +
1.4 Ma granodiorite is close in age to a HIS granite that was dated at 620 + 2 Ma by
Krogh et al. (1988), as well as a 619 £+ 3 Ma pyritic granite from the WHIS, dated by
Sparkes (2005). ‘

The U/Pb age of 625 + 1.4 Ma for the granodiorite from Bauline is the first
evidence of this age of magmatism east of the Topsail Fault and so far north, and
confirms that the granodiorite is contemporaneous with several granitoid rocks in the
Holyrood and White Hills intrusive suites. The 625 + 1.4 Ma age of the granodiorite
from Bauline supports the mapping of Sparkes (2006), in which gran.itoid rocks along the
east coast of Conception Bay were assigned to the HIS. Rather than including the 625 +
1.4 Ma granodiorite from Bauline in the HCC, it is more appropriately correlated with the
HIS and WHIS because it is synchronous with the HIS and WHIS and predates
magmatism in the HCC by ca. 40 Ma.

The feldspar porphyry, rhyolitic and andesitic dykes from the HCC overlap in age,
within uncertainties, with several felsic magmatic events on the NE Avalon Peninsula.
For example, these three units overlap in age with a dacitic dyke that cross-cuts mafic

volcaniclastic rocks in the Wych Hazel Pond Complex (WHPC) at Cripple Cove, north of
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the study area, which was dated at 581.7 + 1.8 Ma (Cooper, 2011). In addition, feldspar
porphyry, rhyolitic and andesitic dykes from the HCC overlap in age with a pumiceous
ash-flow tuff in the WHPC that was dated at 582 + 1.5 Ma (Sparkes, 2005), and with a
crystal-rich ash-flow tuff in the Manuels Volcanic Suite (MVS) that hosts low-
sulphidation alteration, dated at 584 + 4 Ma (Sparkes, 2005). The U/Pb ages for the HCC
feldspar porphyry, rhyolitic dyke and andesitic dyke also coincide with the 585 + 5 Ma
Fowler’s Road Porphyry, which is hosted by siltstones in the upper WHPC (Sparkes,
2005). As well, the 584 + 1 Ma Farmer’s Field Rhyolite of the MVS overlaps in age with
the HCC rhyolitic dyke but is postdated by the feldspar porphyry and andesitic dyke. The
Farmer’s Field Rhyolite, which was dated by Sparkes (2005), hosts the high-sulphidation
alteration system in the Oval Pit Mine. |

The overlapping U/Pb ages of the HCC feldspar porphyry, rhyolitic dyke and
andesitic dyke at Bauline with numerous felsic volcanic and intrusive rocks on the eastern
margin of the Holyrood Horst, and with a dacitic dyke at Cripple Cove, indicate that
felsic magmatism occurred simultaneously in all three locations, spanning a distance of
about 35 km. Several intermediate to mafic intrusive events also occurred in the HCC
during this period, as bracketed by the ages of feldspar porphyry and the andesitic dyke in
the study area. Furthermore, the ages of the HCC feldspar porphyry, rhyolitic dyke and
andesitic dyke coincide with the 585 to 580.5 Ma high-sulphidation style alteration
system and the 584 + 4 Ma-and-younger low-sulphidation style alteration system in the

Eastern Avalon High-Alumina Belt (Sparkes, 2005).
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CHAPTER 4: GEOCHEMISTRY

4.1. Introduction

Sixty-six samples were collected from Maps 1-3 for major and trace element
geochemical analysis because these areas have the greatest lithological variety and the
best-defined field relationships. Rocks were analysed from each of the units identified in
the Hofse Cove Complex (HCC) in the study area. The samples are referred to in the text
by sample number, without the prefix “DS-09", and the locations of the analysed samples
are shown on Maps 1-3. The samples were powdered at the rock preparation facilities at
Memorial University of Newfoundland and sent to Actlabs, where they were prepared for
analysis using the lithium metaborate/tetraborate fusion technique. At Actlabs, the
samples were analysed using the inductively coupled plasma emission spectrometer (ICP-
ES) and the inductively coupled plasma mass spectrometer (ICP-MS). To test complete
dissolution of samples analyzed using ICP methods, twenty samples were analyzed at
Memorial University of Newfoundland using the X-ray fluorescence (XRF) technique.
Sample preparation and methods of analysis are described in Appendix C and the major
and trace element geochemical data from the HCC are reported in Appendix D. Analyses
of standard reference materials and duplicates, as well as a discussion of data quality, are
provided in Appendix E. Seven samples were selected for Nd isotopic analysis, and were
analysed using the thermal ionization mass spectrometer (TIMS) at Memorial University
of Newfoundland. Methods of Nd isotopic analysis are described in Appendix F.

Prior to plotting and interpreting the geochemical data, average values were

calculated for all duplicate and triplicate analyses. As well, because data that approach
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limits of detection may not be quantitative, values that were less than 1.5 times the limit
of detection were removed from the dataset (G. Jenner, personal communication, 2010).
This included the removal of some trace element data for several samples, and the
removal of all As, Mo, In and Bi analyses. Since the ICP-ES analysis did not
differentiate between ferrous and ferric Fe, the Fe data were Iconverted to total Fe as FeO,
denoted as FeO*, where FeO*=Fe,03*0.8998. The data were recalculated volatile free to
a total of 100%. The trace element data were modified using the recalculation factor
determined from corresponding major element analyses.

The major and trace element geochemistry of each rock unit mapped in the study
area 1s described below, followed by a discussion of geochemical trends and similarities
between rock units and implications for the tectonic setting of the HCC. In addition, the
geochemistry of the HCC in the study area is compared to data from other rocks on the

NE Avalon Peninsula acquired by previous studies.

4.2. Alteration

As evidenced by significant epidote veining thoughout the map area and
greenschist-facies mineralogy observed in thin section, the rocks at Bauline have been
affected by alteration/metamorphism. Therefore, caution must be used when interpreting
the concentrations of potentially mobile elements. For example, the total alkali-silica plot
of Le Bas et al. (1986) puts many samples in the trachyandesite and trachydacite fields,
whereas classification diagrams that use less mobile elements, including the Nb/Y vs.
Z1r/Ti0; plot of Pearce (1996; Figure 4.1a) and the Zr/TiO, vs. SiO; plot of Winchester

and Floyd (1977; Figure 4.1b), place these samples in the andesite and dacite fields. This
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shows that alteration in the rocks at Bauline has caused enrichment of Na>O and/or K»O.
As well, the alteration plot of Hughes (1973; Figure 4.2) shows that many of the rocks in
the dataset have been affected by Na-metasomatism. Therefore, elements that are
potentially mobile (e.g. Na,O, K>O, Rb, Ba, Sr, CaO) cannot be trusted to characterize the
rocks geochemically. Instead, only elements that are known to resist mobility under
alteration conditions will be used to characterize the rocks and identify geochemical
trends. Although major elements tend to be mobile, certain major elements (e.g. Si0O»,
MgO, FeO) will be used to characterize the rocks because they do not appear to have
been significantly affected by alteration, as analyses of these elements are clustered by

lithology or display trends consistent with igneous fractionation.

4.3. Methodology

The samples are grouped according to rock unit in order to maintain the context of
lithology, petrography and relative ages, as described in Chapter 2. However, all samples
in a given rock unit are not always geochemically equivalent and, in many cases, share
geochemical traits with samples from other units. The geochemistry of each rock unit is
described below and followed by a brief interpretation, and finally, a discussion of

similarities between data from different rock units and implications regarding the

formation of the HCC.

4.3.1. Classification
In the geochemical descriptions of each rock unit, the classification diagrams of

Winchester and Floyd (1977) and Pearce (1996) are used to show the general composition
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of the samples and how they compare to other rock units. Because all samples have
undergone alteration, normative mineralogy is not representative of original mineralogy,
and 1s not used to classify or characterize the rocks in this study. Instead, the Jensen
(1976) cation plot is used to classify the mafic-to-intermediate rocks.

In granitoid rocks, many trace elements are not incompatible and cannot be relied
upon for classification because they occur in accessory mineral phases, such as zircon and
monazite (Bea, 1996; Frost et al., 2001). Alternative classification schemes have been
developed, such as the scheme of Frost ez al. (2001), which relies on Fe number, the
modified alkali-lime index and the alumina saturation index. However, this scheme
cannot be applied to the rocks at Bauline because they have experienced Na,O-
enrichment, and alteration has probably also modified K>O and CaO contents. As well,
the feldspar porphyritic nature of rhyolite and feldspar porphyry may have resulted in
variations in Na,O, K,O and CaO between samples. Therefore, the felsic rocks in this
study are classified using the plots of Winchester and Floyd (1977) and Pearce (1996),

together with mineral assemblages observed in thin section.

4.3.2. Major element geochemistry

The major element composition of each rock unit is shown on Harker-type
variation plots. On plots that show felsic rock data, the major elements are plotted against
Si0,, whereas major element data for mafic-to-intermediate rocks are plotted against Mg#

(= MgO/(MgO + FeO*)X100) as a differentiation index.
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4.3.3. Trace element geochemistry |

Incompatible-immobile trace elements, including Zr, La, Y, Yb, Nb and Th and
the REE, are used to characterize and compare each rock unit and identify trends in the
data. Trace element data are shown on variation plots against Zr for felsic rocks and Mg#
for mafic-to-intermediate rocks. For the mafic-to-intermediate rocks, the concentrations
of V, Sc, Ni and Cr are also discussed, since they tend to be compatible-immobile in calc-
alkaline rocks, and Sc and V are generally incompatible-immobile in tholeiitic basalts.
The felsic rocks in the dataset are plotted on the tectonic discrimination diagram of Pearce
et al. (1984), which is based on the trace elements Nb and Y. This diagram is not used to
conclusively demonstrate the tectonic setting of the granitoid rocks in the study area, but
rather to explore correlations between rock units in the dataset and rocks from known
tectonic environments.

REE and HFSE data are shown on multi-element diagrams that are normalized to
the primitive mantle values of Sun and McDonough (1989). The REE patterns are
compared in REE ratio plots, in which La/Yb is a measure of the overall slope of the REE
pattern, La/Sm is a measure of LREE-enrichment and Gd/Yb is a measure of HREE-
enrichment. The REE ratios are plotted against Nb/Th because several mafic-to-
intermediate samples exhibit negative Nb anomalies. Because negative Nb anomalies are
associated with magmatism formed by partial melts of subduction-contaminated mantle
wedges or with crustal contamination (e.g. Jenner ef al., 1991; Swinden et al., 1997), the
distribution of data along the Nb/Th axis provides insight into the tectonic setting or
crustal contamination of the rocks in the study area. Nb/Th is used to define three

compositional fields, following the criteria of Jenner ez al. (1991) and Swinden ef al.
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(1997). Rocks that have high Nb/Th ratios and do not exhibit negative Nb anomalies plot
in the “non-arc” field, and rocks that have low Nb/Th ratios and display well-developed
negative Nb anomalies plot in the “arc” field. Rocks that exhibit weakly developed
negative Nb anomalies that are within analytical uncertainty plot within the “transitional
arc” field. This field also includes rocks in which the lack of a negative Nb anomaly is
within analytical uncertainty. The boundaries of these fields, represented by the field of
analytical uncertainty surrounding Nb/Th, were determined using the method described in
Appendix E.

The data are also plotted on a diagram of Nb/Th vs. Mg#, which highlights
occurrences of negative Nb anomalies along with relative degrees of fractionation. Since
Th/Ta is another measure of the negative Nb-Ta anomaly, Condie (1997) plotted Th/Ta
against La/Yb to determine mafic dyke sources. The data from mafic-to-intermediate
rocks are also plotted on a diagram of La/Yb against Th/Ta to allow comparison with

compositional fields defined by Condie (1997).

4.4. Whole rock geochemistry of the ca. 625 Ma granodiorite

The geochemical samples from granodiorite include #107, 118, 128, 148 and 171
from Map 1, #68, 70 and 80 from Map 2 and #200 and 202 from Map 3. Sample #118
was collected from the same granodiorite body and less than 1 m away from sample #211,

which yielded the U/Pb age of 625 + 1.4 Ma.
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4.4.1. Classification

On the classification diagram of Pearce (1996) (Figure 4.3a), the granodiorite data
plot in the andesite/basalt field. On the classification diagram of Winchester and Floyd
(1977) (Figure 4.3b), the granodiorite samples form a cluster in the rhyolite field that
overlaps slightly with the rhyodacite/dacite field. Based on the classification scheme of
LeMaitre (1989) and the proportions of plagioclase, quartz and alkali feldspar observed in

thin section, this unit is classified as granodiorite.

4.4.2. Major element geochemistry

The major element compositions of granodiorite are plotted on Harker-type major
element variation diagrams (Figure 4.4). Granodiorite exhibits a wide range of CaO,
Na,O and K»>O compositions, and there appears to be a random spread in data on each of
these plots. Overall, SiO,-poor samples that are enriched in MgO, FeO*, Ti0O,, Al,Os,
P,O5 and MnO (#200, 202, 80, 118, 68, 70) form a linear trend with SiO»-enriched
samples that are comparatively depleted in MgO, FeO*, TiO,, Al,O3, P,Os and MnO

(#148, 128, 107, 171).

4.4.3. Trace element geochemistry

Granodiorite displays a wide compositional range in immobile elements that are
typically incompatible, including Zr, Y, Nb, Th, Hf and the R]éE. When many of these
elements are plotted against Zr, tﬂe granodiorite data exhibit a linear trend with samples
#118 and 128 at low values, #68, 80, 107 and 171 at middle values, and #70, 148, 200 and

202 at high values (Figure 4.5). When plotted on the tectonic discrimination diagram of
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Pearce et al. (1984; Figure 4.5d), the granodiorite data plot in the field of volcanic arc
granites.

On extended primitive mantle-normalized REE diagrams (Figure 4.6), the
granodiorite samples have steeply sloping REE patterns, indicating enrichment of the
LREE relative to the HREE. In addition, all samples have strong negative Nb and Ti
anomalies. Relative to the overlapping REE patterns of most samples (#68, 80, 107, 118,
128, 171), samples #70, 148 and 202 are HREE-enriched and sample #200 is LREE-

enriched.

4.4.4. Interpretation

Granodiorite appears to represent subduction zone-related magmatism because it
exhibits several geochemical characteristics that are typical of volcanic arc granitoid
rocks, including enrichment in the LREE relative to the HREE and negative Nb and Ti
anomalies. In addition, the granodiorite samples plot in the field of volcanic arc granites
on the tectonic discrimination diagram of Pearce et al. (1984).

While most of the granodiorite data form a cluster on trace element plots, four
samples (#70, 148, 200, 202) typically plot at higher values. This range in incompatible-
immobile element data among the granodiorite samples suggests that certain elements
(e.g. Zr, La) are behaving compatibly due to the fractionation of trace minerals, such as
zircon or monazite. The variability and random distribution of CaO, Na,O and K,O
contents is attributed to the mobility of these elements during alteration. The linear trends
on certain major and trace element plots (Figures 4.4 and 4.5) may represent igneous

fractionation, reflecting primary compositional heterogeneity in the granodiorite intrusion
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and the sampling of blocks from different parts of the intrusion by magmatic or tectonic
processes. Notably, as mentioned in the petrographic descriptions in Chapter 2, samples
#148 and 202 are almost fully recrystallized, and although they are interpreted as
recrystallized granodiorites, the nature of their protoliths is uncertain and they may

represent different felsic rocks that have been strongly deformed.

4.5. Whole rock geochemistry of ca. 580 Ma felsic rocks in the Horse Cove Complex

4.5.1. Feldspar porphyry

The geochemical samples collected from this unit include #112, 117, 139, 177,
182, 193 and 198, all from petrographically indistinguishable feldspar porphyry bodies in
Map 1. These sampl-es are petrographically indistinguishable from the dated feldspar
porphyry (sample #213), which has a U/Pb age of 580.6 + 2.0 Ma.

4.5.1.1. Classification

On the classification diagram of Pearce (1996; Figure 4.7a), most of the feldspar
porphyry data form a tight cluster in the rhyolite/dacite field. However, two samples
(#117, 198) plot in the andesite/basalt field, and one sample (#177) sits on the boundary
between the andesite/basalt and basa]t fields. On the Zr/TiO; vs. SiO, diagram
(Winchester and Floyd 1977; Figure 4.7b), the feldspar porphyry data lie in the rhyolite
field, except for sample #177, which plots in the rhyodacite/dacite field.

4.5.1.2. Major element geochemistry

Most of the feldspar porphyry data form a tight cluster on Harker-type major
element variation plots (Figure 4.8), overlapping only with the most SiO»-rich samples

from granodiorite. Sample #117 has slightly lower SiO, than the clustered feldspar

141




| | ! | I LI

(a)
Qii? 93%‘%3 12 Rhyolite/Dacite rachyte

| (G)/-(:fan

—

Trachy-.=
Andesite

lll'

S (& SN _
Zx/T 102 Q_(M Uz {):ws )
Andesite/Basalt
— ‘ /
3 ¥ Alkali |
Basalt
Basalt
01 | | 1 | L L1
1 Nb/Y '
80 T T T T 1 171 T
(b) 182
Rhyolite ‘, e Y,
<>198 | (G)/ o {‘fuz.m, 193
7 - ' —t
S
m e
SiO, 70 | | -
Rhyodacite/Dacite
65 F -
D7 Trachyte
Andesite
60 | I |
01 B

Zr/Ti0O,

Figure 4.7: Feldspar porphyry and rhyolitic dyke samples plotted on the classification
diagrams of (a) Pearce (1996) and (b) Winchester and Floyd (1977). (G)=U/Pb
geochronology sample. Symbols are as in Figure 4.1. Pink shading indicates the
compositional field of granodiorite.

142




eVl

2.0 v ' ' 6 ' ' '
— 077 Mgo FCO*
1.6+ - — 9177 i
4+ -
12F g
~ e l“v b J
0.8k = =i i
P R | S ()
¥ . (G) a1t b ey “’-};4
0.4|- T2 J12 9 - " Emcs—— [3‘%‘-’ ;x.- o[-”“‘?
§7 + S
__ 139 8903 g2 Lo
0.0 " " Py 198 0 i L L
8 T T T : 4 1 —F )
— 177 _ q.04 Nazo Cao
7L A
3t T
1L ¢ e
6 F - & & il
e, 2
(G)— . B
5F - — = <3
S y - 198
e BE— 82 A
s} hadllE S o L5
2 S 3% 193 { &
& X °l4l
3 1 I ] 0 | 1 L
5 T T T {1!2 008 5 T T
:F(e(:) —77 PVII](:)
4r " G 706k ‘
3L ‘.".’198_ & o
182 e
(G)==y | 004} “
5 L & b S B
- 193 %7904 (G) 4
— 177
0.02 g &
Y S | il — R 182
s 112, 139, 198 &
% 193
0 1 "04_1_ 1 0.00 | i L
7 2 . 7 2
70 T2 74 SIOZ 76 78 70 72 74 Ssz 76 78

1.0

0.8
0.6

0.4

0.0
18

16

14

12
0.20
0.15

0.10

0.05

0.00

] A '
— 77 Tioz
i ﬁ'!q-o‘ ~— A._ -
SRS
s {>"'f’ b -f‘-'-
_ ™3 183
112. 139, 193, 198
1 - I
T . :
_ 4&1)01
— 177 o
% o
H7%04 112, 139,
| . 193, 19% ¥
(G
- A*‘_l::.:& ¢ |
S ™
L 1 a—
5 ainne ' '
177 PAO
2\Js
i % o
i g
204
_ ~(G) / A
bt
" 141
139
L ! <
20 72 " Si0, 76 78

Figure 4.8: Major element data (wt. %) for feldspar porphyry and rhyolitic dykes. (G)=U/Pb zircon geochronology sample.
Symbols are as in Figure 4.1. Pink shading indicates the compositional field of granodiorite.




porphyry samples, but plots within the granodiorite compositional field. With only 63.66
wt. % S10,, sample #177 is the most SiO,-poor sample collected from the felsic rocks in
the study area, and is more appropriately described as intermediate in composition. The
clustered feldspar porphyry samples have lower TiO, than the granodiorite samples, and
are also depleted in MgO, Na,O, CaO, Al,O3 and MnO compared to most of the
granodiorite samples.

4.5.1.3. Trace element geochemistry

On incompatible-immobile element variation diagrams (Figure 4.9), most of the
feldspar porphyry samples display low Nb and Th values and high Zr, Y, La and Yb
values, rarely overlapping with the granodiorite data. Samples #177 and 198 plot at much
lower values than the other feldspar porphyry data, typically in the compositional field
defined by the granodiorite samples. The tectonic'discrimination diagram of Pearce ef al.
(1984; Figure 4.9d) shows that the Y and Nb compositions of feldspar porphyry overlaps
with those of volcanic arc granites.

Feldspar porphyry is LREE-enriched and displays strong negative Nb and Ti
anomalies on extended primitive mantle normalized REE plots (Figure 4.10). Most
samples (#112, 117, 139, 182, 193) have tightly overlapping REE patterns with negative
Eu anomalies. The REE patterns of these samples have shallower slopes than the
overlapping, comparatively HREE-depleted REE patterns of the majority of granodiorite
samples (#68, 80, 107, 118, 128, 171). One sample (#198) plots below the overlapping

REE patterns of other feldspar porphyry samples and is relatively HREE-depleted. The

144




sk - l'

Cog = y :‘,:_[IZ O 20 ¢ o | & m
(G) Gy, %20 ¥ 7 e i
. S04
7
0 I 1 ] 10 | i 1
20 ! T T Nb 50 100 150 200 250
(c) 7r
16 y 100 I § TI11) S T [N I B
- (d)
12 F - E
& o
: %39 i VAG +
: 9193 Nb syn-COLG
& , . 12 .\
Bl ¥ ; (G)_""hf“isﬂml i ’ 112, 139,
g |\
. . - L & b o3
50 100 150 200 250 * ~ W
Zr "
| Lo il 1
1 10 100

Y

Figure 4.9: Trace element geochemistry of feldspar porphyry and rhyolitic dykes. (a) to
(c) XY plots of selected trace element data (ppm) against Zr (ppm). (d) Tectonic
discrimination diagram of Pearce ef al. (1984), with compositional fields as in Figure 4.6.
(G)=U/Pb zircon geochronology sample. Pink shading indicates the compositional field
of granodiorite.

145




- (a - b i
L@ palds A W ( ) Feldspar p?mh)}r{rg Esamt;:les with
100 with similar REE patterns 100 |- e psee ~
: AR 112, 117, 139)
y 1 [ /%% 182,193 |
| \YR 3§ |

10 - / 5 0F % A = . =
: - | - g4 ? ¢ 2
= (112, 117, 139, 1 E TANA ped oo
C [ 182,193 1 [ 198 © |/ !

] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] 1 1 L 1 1 1 1 1 1 1 \tIT/ 1 1 1 L 1 1

ThNbLaCcPrNerSmEquéDyHoYErYbLu ThNbLaCePrNerSmEquEDyHOYErYbLu
- (¢) 1 F@ B Granodiorite -
- » 1 T "I Feldspar porphyry

- Rhyolitic dykes — 100 s

0 E Y Y - 10 g " IRhyolitic dykes 3
: G) 3 ¢ .
i 1 [ i
10 E- 3 E

ThNb La Ce Pr Nd ZrSm EuGd S Dyfo Y Er YoLu | ThNb La Ce Pr Nd Zr Sm Eu Gd i Dy Ho Y Er Yb Lu

Figure 4.10: Extended REE patterns for feldspar porphyry and rhyolitic dykes,
normalized to the primitive mantle values of Sun and McDonough (1989). (a) Feldspar
porphyry samples with overlapping, nearly parallel REE patterns. (b) Feldspar porphyry
samples with REE patterns that are different from those in (a), which are shown in the
background. (¢) Extended REE patterns of rhyolitic dykes, with feldspar porphyry REE
patterns shown in the background. (G)=U/Pb zircon geochronology sample. (d) A
comparison of the extended REE patterns of granodiorite, feldspar porphyry and rhyolitic
dykes. For granodiorite and feldspar porphyry, the REE fields do not include samples
with anomalous REE patterns.

146




REE pattern for sample #177 also plots below the overlapping feldspar porphyry REE
patterns, displays MREE-enrichment and lacks a Eu anomaly.

4.5.1.4. Interpretation

Because feldspar porphyry plots in the volcanic arc granite field on the diagram of
Pearce et al. (1984), and 1s LREE-enriched with negative Nb and Ti anomalies, it appears
to represent volcanic arc-related magmatism. The similarities in major and trace element
geochemistry of most feldspar porphyry samples (#112, 117, 139, 182, 193) suggest that
they are from the same melt. This supports the interpretation, based on mapping and
petrography, that the feldspar porphyry bodies in Map 1 are blocks from the same
intrusion, separated by subsequent mafic-to-intermediate magmatism. |

Variation in Na;O and K,O contents among feldspar porphyry samples is
attributed to alteration, and may also be partly due to different proportions of feldspar
phenocrysts. The relative HREE-depletion of sample #198 may be due to the
fractionation of HREE-bearing accessory minerals. Sample #177, however, has
significantly different major and trace element geochemistry than the other feldspar
porphyry samples. In particular, the low SiO,-content of sample #177 sets it apart from
all the felsic rocks in the study area. In thin section, greenschist-facies metamorphic
minerals are slightly more abundant in sample #177 than in other thin sections from
feldspar porphyry, but they are otherwise petrographically indistinguishable. Thus, the

cause of the anomalous geochemistry of sample #177 remains uncertain.
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4.5.2. Rhyolitic dykes

Geochemical samples from rhyolitic dykes include #141 from Map 1 and #204
from the western end of Section B-B’. Sample #141 was collected about 1 m south of
geochronology sample #212, and from the same rhyolitic dyke, which has a U/Pb age of
581.7 £ 1.9 Ma.

4.5.2.1. Classification

On the Pearce (1996) diagram (Figure 4.7a), one rhyolitic dyke (#141) plots in the
rhyolite/dacite field, whereas the other dyke (#204) lies in the andesite/basalt field. Both
dykes plot in the rhyolite field on the SiO; vs. Zr/TiO, diagram of Winchester and Floyd
(1977, Figure 4.7b).

4.5.2.2. Major element geochemistry

The compositional differences between the two rhyolitic dykes are also shown on
major element variation diagrams (Figure 4.8), which demonstrate that sample #204 is
less concentrated in SiO» and enriched in MgO, FeO*, CaO, Na,O, TiO; and P,0Os
compared to sample #141. The major element geochemistry data of sample #141
generally overlaps with the clustered feldspar porphyry data, whereas sample #204 lies in
the broader field defined by the granodiorite samples.

4.5.2.3. Trace element geochemistry

The incompatible-immobile trace element plots in Figure 4.9 show that the
rhyolitic dykes have the same Nb content, but sample #141 is enriched in Th and Y and
depleted in La and Zr compared to sample #204. Both rhyolitic dyke samples plot close

to the trace element compositional field defined by the feldspar porphyry data. On the
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tectonic discrimination diagram of Pearce ef al. (1984; Figure 4.9d), the rhyolitic dykes
plot in the volcanic arc granite field, along with feldspar porphyry and granodiorite.

On primitive mantle normalized extended REE plots (Figure 4.10), the REE
patterns of the rhyolitic dykes are nearly parallel and overlapping, and well-developed
negative Nb and Ti anomalies are exhibited by both dykes. Sample #141 also exhibits a
negative Eu anomaly and is slightly HREE-enriched compared to sample #204. The REE
patterns of the rhyolitic dykes overlap with the REE patterns of the clustered feldspar
porphyry samples except they are slightly HREE-depleted in comparison.

4.5.2.4. Interpretation

The similar trace element geochemistry of the rhyolitic dykes, efnphasized by
their overlapping REE patterns, suggests that they are petrogeﬁetically related. The
enrichment of certain major elements, including FeO* and MgO, in sample #204 relative
to sample #141 may be explained by more intense chlorite alteration or by igneous
fractionation, as indicated by the slightly higher Mg# of sample #204. Alternatively,
sample #204 may have experienced mixing with a mafic melt. This hypothesis is
supported by the presence of a mafic component within the rhyolitic dyke from which

sample #204 was collected (Plate 2.29¢).

4.6. Whole rock geochemistry of ca. 580 Ma mafic-to-intermediate rocks in the
Horse Cove Complex

4.6.1. Gabbro

The geochemical samples collected from this unit include #72, 73, 76, 82 and 87

from Map 2.
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4.6.1.1. Classification

The gabbro data plot in the basalt field on the classification diagram of Pearce
(1996; Figure 4.11a) and in the sub-alkali basalt field on the Zr/TiO; vs. S10, diagram
(Winchester and Floyd 1977; Figure 4.11b). On the Jensen cation plot (Jensen 1976;
Figure 4.12), the gabbro data plot as a cluster in the high-Mg tholeiitic basalt field. The
gabbro samples are the only rocks in the dataset that plot in the high-Mg tholeiitic basalt
field, apart from two basaltic dykes (#71, 123).

4.6.1.2. Major element geochemistry

The gabbro samples share very similar major element compositions and
consistently plot as a cluster on the major element variation plots in Figure 4.13. The
gabbro samples have some of the highest Mg#s in the study area, ranging from 43 to 46,
and are enriched in MgO, FeO*, MnO and CaO, and depleted in Si0, and Na,O relative
to other mafic-to-intermediate rocks in the dataset.

4.6.1.3. Trace element geochemistry

The gabbro data form a tight cluster on incompatible-immobile trace element
diagrams (Figure 4.14), except one sample (#73) has a higher Th content (0.6 ppm)
compared to the other samples (0.3 ppm). Gabbro has lower Y and Yb contents than
many of the mafic-to-intermediate rocks in the study area, and has significantly lower
concentrations of Th, Nb, Zr and La. The compositional field defined by the
incompatible-immobile trace element data of the gabbro samples coincides with data
from only a few other rocks, including certain basaltic dykes (#71, 123), hornblende
basaltic dykes (#75, 88) and a basaltic-andesitic dyke (#143). However, gabbro has lower

Nb than all these rocks, except for one basaltic-andesitic dyke (#143). There is little
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variation in Sc, V, Ni and Cr among the gabbro data. Sc and V concentrations are higher
in gabbro relative to the andesitic dykes, but they are similar to those of the basaltic
dykes, some hornblende basaltic dykes (#60, 78, 99, 132) and certain diorite samples
(#102, 105, 131, 133). Cr and Ni are more concentrated in gabbro than in all other rocks
in the dataset, except for one basaltic dyke (#71).

On primitive mantle normalized multi-element diagrams (Figure 4.15), the gabbro
samples have flat REE patterns that are tightly overlapping over all the elements on the
diagram except Th. Four out of the five gabbro samples have equal Th contents and lack
negative Nb anomalies, although the absence of Nb anomalies is within analytical
uncertainty; the fifth sample (#73) displays a strong negative Nb anomaly as a function of
its elevated Th content. All five gabbro samples exhibit weak negative Zr and Y
anomalies, and all except for one sample (#76) display weak negative Ti anomalies. The
flatness of the REE patterns displayed by the gabbro samples is highlighted by their low
La/Yb and La/Sm values on the REE ratio diagrams in Figure 4.16. The gabbro data are
not shown on the Th/Ta vs. La/Yb diagram in Figure 4.16¢ because Ta was less than 1.5-
times the limit of detection and was removed from the dataset.

4.6.1.4. Interpretation

The tight clustering of gabbro data in the high-Mg tholeiitic basalt field on the
Jensen (1976) cation plot indicates that the high Mg-content in gabbro is a signature of its
igneous composition and is not due to chlorite alteration. Because gabbro is among the
most FeO*-, MgO-, Cr- and Ni-rich rocks in the dataset and exhibits some of the flattest
REE patterns, gabbro may be the most primitive rock unit in the study area. However,

gabbro has lower Ni and Cr contents than primary magmas, in which Ni and Cr contents
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Figure 4.15 (continued): Extended REE patterns for basaltic dykes, andesitic dykes and
basaltic-andesitic dykes. The data are normalized to the primitive mantle values of Sun
and McDonough (1989). (G)=U/Pb zircon geochronology sample.
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Figure 4.15 (continued): Extended REE diagrams for oxide-rich andesitic dykes and
oxide-rich basaltic dykes. The data are normalized to the primitive mantle values of Sun

and McDonough (1989).
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Figure 4.16: Plots of selected trace element ratios in mafic-to-intermediate rocks.
Symbols are as in Figure 4.1. (G)=U/Pb zircon geochronology sample. Compositional
fields in plots (a) to (d) follow the criteria of Jenner et al. (1991): Arc=well-developed
negative Nb anomalies; Trans. Arc=weak negative Nb anomalies, within analytical
uncertainty; Non-arc=no negative Nb anomalies. Dashed line is the primitive mantle
reference line at Nb/Th=8.4 (Sun and McDonough 1989). Shaded areas in plot (e) are
compositional fields from Condie (1997): DM=depleted mantle; PM=primitive mantle;
PSCL=post-Archean subcontinental lithosphere; LC=lower continental crust; UC=upper
continental crust; HIMU=high /Pb mantle source; EM1 & EM2=enriched mantle sources;
FOZO=lower mantle plume component; SPB=Ontong-Java submarine plateau basalts;
HOIB=Hawaiian oceanic island basalts; SOIB=South Atlantic oceanic island basalts.
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are typically greater than 200 ppm and 400 ppm, respectively (Sato, 1977; Hart and
Davis, 1978; Kinzler ef al., 1990). All the gabbro samples exhibit relatively flat REE
patterns and, except for one sample (#73), they lack negative Nb anomalies. The
relatively flat REE patterns are similar to those of E-MORBSs, suggesting that gabbro was
derived from a slightly LREE-enriched mantle source.

Because the major and trace elemént compositions of the five gabbro samples are
otherwise very similar, it was suspected that the Th data for sample #73 was not reliable.
However, a second blind analysis of sample #73 also yielded 0.6 ppm Th, and the cause
of elevated Th in sample #73 remains unclear. A possible explanation is the presence of a

Th-bearing accessory mineral, such as monazite or allanite.

4.6.2. Diorite

The geochemical samples collected from this unit include #102, 105, 131, 133,
146 and 184 from Map 1 and #77 from Map.2.

4.6.2.1. Classification

On the Pearce (1996) classification diagram (Figure 4.11a), diorite plots in the
basalt field, whereas on the Zr/TiO, vs. SiO; diagram (Winchester and Floyd, 1977;
Figure 4.11b), the diorite data span the sub-alkaline basalt and andesite fields. On the
Jensen cation plot (Jensen, 1976; Figure 4.12), some diorite samples (#77, 146, 184) plot
in the calc-alkaline basalt field, whereas others (#105, 102, 131, 133) plot in the high-Fe

tholeiitic basalt field.
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4.6.2.2. Major element geochemistry

The Mg#s of the diorite samples (36 to 39) are generally higher than those of the
andesitic dykes but are lower than those of most mafic rock units in the study area (Figure
4.13). The diorite samples can be divided into two subsets based on major element
geochemistry: Si0;-, Al,O;- and Na,O-rich rocks (#184, 146, 77), and FeO- , TiO,-,
MnO-, CaO- and MgO-rich rocks (#105, 131, 133, 102). These two subsets are indicated
in Figure 4.16, except on plots where the diorite data do not plot in two distinct groups
(P20Os, K>0).

;;(, 6.2.3. Trace element geochemistry

The diorite data form a broad cluster on incompatible-immobile element variation
diagrams in Figure 4.14. However, three samples (#77, 146, 184) have lower Y, Yb, Sc
and V contents and are enriched in La relative to the other diorite samples and tend to plot
close to the andesitic dyke data. Conversely, the compositional field of the other diorite
samples (#102, 105, 131, 133) generally overlaps with the data from mafic rock units.

All diorite samples have about the same Ni and Cr contents, except for one sample (#105)
that is elevated in Cr.

On primitive mantle-normalized extended REE plots (Figure 4.15), four diorite
samples (#102, 105, 131, 133) exhibit tightly-overlapping, relatively flat REE patterns
with negative Ti anomalies. In contrast, the REE patterns of the other three samples (#77,
146, 184) have steeper slopes and exhibit negative Nb anomalies, and two of these rocks
(#77, 184) also have negative Ti anomalies. The differences in the slope of REE patterns
and occurrences of negative Nb anomalies among the diorite samples are emphasized in

the trace element ratio plots in Figure 4.16. Notably, the weakly developed negative Nb
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anomaly displayed by sample #146, and the absence of negative Nb anomalies in samples
#102, 131 and 133, are within analytical uncertainty, and these samples plot in the
transitional arc field in Figure 4.16. On the La/Yb vs. Th/Ta diagram (Figure 4.16¢),
samples #77 and 184 lie in the arc compositional field defined by Condie (1997) and
sample #146 plots directly below this field. In contrast, the other diorite samples (#102,
105, 131, 133) have lower Th/Ta and La/Yb values, and plot close to the primitive
mantle, submarine plateau basalt and lower mantle plume fields identified by Condie
(1997).

4.6.2.4. Interpretation

As discussed in Chapter 2, thin sections from the diorite geochemical samples are
petrographically identical except that grain size varies from medium-grained to fine-
grained. Diorite may have been emplaced as one continuous intrusion and grain size
reduction may be attributed to localized shear zones in the eastern portion of Map 1.
However, it is possible that diorite represents two or more intrusions that may or may not
be petrogenetically related, and that contacts are covered by vegetation or overwritten by
shearing or subsequent magmatism. The latter interpretation is supported by geochemical
data, as three samples (#77, 146, 184) are geochemically different from the other samples
(#102, 105, 131, 133). The geochemical similarities between samples #77, 146 and 184

imply that they are from the same intrusion, in agreement with interpretations made

~ during field mapping and thin section analysis. Likewise, the geochemical equivalence of
samples #102, 105, 131 and 133 suggests that they were collected from a separate diorite
intrusion that spans the western portion of Map 1. These samples have E-MORB-like

REE patterns, like the gabbro samples, suggestive of a mantle source with minor LREE-
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enrichment. It is possible that samples #77, 146 and 184 are not petrogenetically related
to samples #102, 105, 131 and 133. Alternatively, all diorite samples may have
originated from a similar mantle source, but the melt that formed samples #77, 146 and
184 may have undergone significant assimilation or mixing with a LREE-enriched source
in which Th was elevated relative to Nb, such as continental crust or a partial melt of

subduction-contaminated mantle.

4.6.3. Hornblende-porphyritic andesitic dykes

Geochemical samples #100 and 138 are from separate hornblende-porphyritic
andesitic dykes in Map 1.

4.6.3.1. Classification

The hornblende-porphyritic andesitic dykes plot in the basalt field on the
classification diagram of Pearce (1996; Figure 4.11a) and in the andesite field on the SiO,
vs. Zr/TiO, diagram of Winchester and Floyd (1977; Figure 4.11b). On the Jensen (1976)
cation classification diagram (Figure 4.12), one dyke (#100) lies in the calc-alkaline
andesite field, whereas the other dyke (#138) plots in the calc-alkaline basalt field.

4.6.3.2. Major element geochemistry

As shown by the major element variation diagrams in Figure 4.13, the hornblende-
porphyritic andesitic dykes have significantly different Mg#s. One dyke (#100) has a
Mg# of 33, and plots close to the andesitic dykes, whereas the other dyke (#138) has a
Mg# of 49, which is the highest Mg# in the dataset. The dykes have similar Al,O3, FeO,
MnO, CaO, TiO, and P,Os contents, but one dyke (#100) is enriched in Na,O and

depleted in KO relative to the other (#138). Both dykes have lower CaO, FeO, MnO,
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Ti0,, P,Os contents and higher Si0,, Al,O3, Na;O, K,O contents than most of the mafic
rocks in the dataset, and their major element geochemistry is comparable to that of the ‘
andesitic dykes.

4.6.3.3. Trace element geochemistry

Incompatible-immobile trace element plots (Figure 4.14) show that the
hornblende-porphyritc andesitic dykes have similar concentrations of Zr, Y, Yb, La and
Nb, but sample #100 has a much higher Th content than sample #138. In fact, sample
#100 is richer in Th than all the mafic-to-intermediate rocks except for one of the
hornblende basaltic dykes (#60). The hornblende-porphyritic andesitic dykes generally
have lower Y, Yb and Nb concentrations than other mafic-to-intermediate rock units in
the dataset, although their La contents are higher than most of the mafic rocks but lower
than most of the intermediate rocks. The hornblende-porphyritic andesitic dykes have
comparable Sc contents, but sample #100 is enriched in V relative to sample #138.
Overall, the Sc and V contents of both dykes are lower than those of the mafic rocks in
the study area, and similar to those of the andesitic dykes. Sample #138 has much higher
concentrations of Ni and Cr than sample #100, in which Ni was below 1.5 times the limit
of detection.

On primitive-mantle normalized extended REE plots (Figure 4.15), the REE
patterns of the hornblende-porphyritic andesitic d.ykes are parallel and nearly overlapping.
They exhibit well-developed negative Nb anomalies, which are highlighted in Figures
4.16a-d, and sample #100 displays a negative Ti anomaly. The REE patterns of the dykes
are steeply sloped, demonstrating LREE-enrichment and HREE-depletion relative to the

flat REE patterns exhibited by several other rocks in the study area, including gabbro and
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certain diorite samples. Furthermore, the steeply-sloping REE patterns of the hornblende-
porphyritic andesitic dykes are very similar to those of the andesitic dykes. When Th/Ta
is plotted against La/Yb (Figure 4.16¢), the hornblende-porphyritic andesitic dykes
coincide with the arc compositional field identified by Condie (1997).

4.6.3.4. Interpretation

The high Mg# of sample #138 indicates that it has undergone less fractionation
than sample #100 and the other mafic-to-intermediate rocks. However, since the
hornblende porphyritic andesitic dykes have similar trace element and REE geochemistry,
it is possible that they are petrogenetically related, and that sample #100 is more
fractionated than #138. The geochemistry of the hornblende-porphyritic andesitic dykes,
particularly their steeply-sloping REE patterns and negative Nb anomalies, suggest that
they represent arc magmatism or partial melts of the mantle that were contéminated by

continental crust.

4.6.4. Hornblende basaltic dykes

Geochemical samples from this unit include #60 from Map 3, #69 and 78 from
Map 2, #99 and 132 from Map 1, as well as samples #75 and 88 from feldspar-porphyritic
hornblende basaltic dykes in Map 2.

4.6.4.1. Classification

The Pearce (1996) classification diagram (Figure 4.11a) places all the hornblende
basaltic dykes in the basalt field. On the S10; vs. Zr/Ti0O, diagram of Winchester and
Floyd (1977; Figure 4.11b), the hornblende basaltic dykes form a cluster in the sub-alkali

basalt field, except for one dyke (#69), which lies in the andesite field. According to the
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classification diagram of Jensen (1976; Figure 4.12), most of the hornblende basaltic
dykes are calc-alkaline basaltic rocks, while some of the dykes (#78, 99, 132) lie in the
high-Fe tholeiitic field.

4.6.4.2. Major element geochemistry

Major element variation diagrams (Figure 4.13) illustrate the range of Mg#s in the
hornblende basaltic dykes, from 31 to 46. Although the homblel‘;de basaltic dykes have
similar Si0, contents, the wide range of values for other major elements define broad
compositional fields that overlap with data from several other rock units. Despite the
overall variation in the major element data in this rock unit, two dykes (#75, 88) have
similar major element compositions. These two dykes generally plot together in Figure
4.13 and have elevated Mg#’s, Al,O3 and K,O, and lower FeO*, MnO, TiO; and P,Os
relativel to the other hornblende basaltic dykes.

4.6.4.3. Trace element geochemistry

The hornblende basaltic dykes exhibit a range of incompatible-immobile trace
element compositions, which overlap with data from several other rock units (Figure
4.14). The hornblende basaltic dykes have a wide array of Y, Yb and La contents but
have similar Zr concentrations. Samples #75 and 88 are less concentrated in Y, Yb and
Zr than the other samples. The hornblende basaltic dykes have comparable Th and Nb
contents, except for samples #60 and 69, which are among the most Th- and Nb-enriched
of the mafic-to-intermediate samples. The compositional variety of the hornblende
basaltic dykes is also evident on plots of Sc, V, Ni and Cr. On these diagrams, the

compositional field defined by the hornblende basaltic dykes coincides with data from
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diorite, gabbro and basaltic dykes. Samples #75 and 88 have lower Sc and V values.and,
as in other geochemical diagrams, plot apart from the other hornblende basaltic dykes.

On primitive-mantle normalized extended REE diagrams (Figure 4.15), samples
#75 and 88 have overlapping REE patterns that lack negative Nb anomalies. The
extended REE patterns of samples #60 and 69 also overlap with each other, except
sample #60 displays a well-developed negative Nb anomaly, whereas the weak negative
Nb anomaly exhibited by sample #69 is within analytical uncertainty. Apart from their
negative Nb anomalies, the REE patterns of samples #60 and 69 are nearly parallel to
those of samples #75 and 88. The REE patterns of samples #78 and 99 nearly overlap
with each other, but the relatively flat REE patterns of samples #78, 99 and 132 are
LREE-depleted and HREE-enriched relative to the steeply sloping REE patterns of the
other hornblende basaltic dykes. Furthermore, the REE patterns of samples #78, 99 and
132 are similar to those exhibited by gabbro and certain diorite samples (#102, 105, 131,
133). The differences in REE behaviour and Nb/Th between the hornblende basaltic
dykes are highlighted by the trace element ratio plots in Figure 4.16. On the Th/Ta vs.
La/Yb diagram (Figure 4.16¢), the hornblende basaltic dyke data form a broad field
between several compositional fields defined by Condie (1997), including the fields of
arc basalts, submarine plateau basalts, lower mantle plumes and oceanic island basalts.
Samples #78, 99 and 132 plot close to the primitive mantle and submarine plateau basalt
compositional fields, along with some of the diorite samples (#102, 105, 131, 133).

4.6.4.4. Interpretation

The similar major and trace element compositions and overlapping REE patterns

of two hornblende basaltic dykes (#75, 88) suggest that they are from the same melt, in
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