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ABSTRACT

Current theories for the generation of voluminous granitoid intrusions state that mafic
magmas can provide a localized, external source of heat for crustal melting, Regardiess of their
age or tectonic setting, many alkaline, metaluminous, and peraluminous granitoid bodies occur
with contemporaneous satellite mafic intrusions and show spatial relationships with mafic
magmas in the form of synplutonic mafic bodies and mafic igneous enclaves. Physical
juxtaposition of the intruded mafic magmas and resulting anatectic granitoid meilts aiso allows for
the transfer of chemicil components to produce hybridized lithologies by mechanical interaction
and/or chemical diffusion. In this muiltidisciplinary study, identification of all these established
criteria for mafic-granitoid genetic relationships, in combination with one-dimensional thermai
models of mafic intraplating, allows the assessment of a role for intruded mafic magma as a
source of chemical components and, uitimately, heat in a suite of granitoid rocks.

Late Devonian (385-372 Ma) peraluminous granitoid plutons and batholiths in the
Meguma Zone of southwestern Nova Scotia crop out with 14 volumetrically minor mafic dykes
and plugs that have contemporaneous ages (380-370 Ma “Ar/*°Ar; 376 Ma U-Pb). Four of these
mafic bodies are synplutonic intrusiornis into the Barrington Passage, Shelburne, and Port Mouton
plutons, where they formed mingled and commingled mafic pillows at their contacts or produced
hybrid tonalites with metaluminous tendencies by chemical diffusion of mobile elements
(alkalies, Rb, Ba, Sr) and exchange of Ti, Fe, Ca, and V in plagioclase and ferromagnesian
phenocrysts. No granitoids contain enclaves with microtextures resembling the known mafic
intrusions or hybrids, but the Barrington Passage, Shelburne, Port Mouton, and Canso plutons
have enrichments of Ti, Fe, Ca, Cr, and V, coupled with low values for 5O (8.3-10.4%_,), 3*S
(0-5%,.), and ¥"Sr/*88r,, 4047 (0.705-0.710) that suggest mantle chemical input.

These small granitoid intrusions peripheral to the South Mountain Batholith, therefore,
show all of the required evidence to support a temporal and spatial genetic relationship between
mafic and granitoid magmas, except enclaves. Poor exposure (<2%), and the epizonai
exhumation of the Meguma Zone, probably explain the small number of mafic intrusions at the
current exposure level. Emplacement of the synplutonic mafic bodies after the cessation of
active granitoid convection may account for the lack of enclaves. Numerical models of heat
advection above mafic sills intruded into the sub-Meguma basement allow heating from intruded
mafic magmas in the protoliths for granitoid plutons occupying peripheral onshore areas of the
MZ between circa 385 Ma and 372 Ma, and perhaps also to a lesser extent in centrally located
intrusions at circa 372 Ma. Mafic magmatism possibly augmented heat produced by a variety of
tectonic processes after the onset of Acadian terrane accretion.

Xxxii



LIST OF ABBREVIATIONS

The following abbreviations and acronyms appear frequently in the main text of this
thesis. More specific short-forms used in the figures and tables are expiained in the appropriate

caption.
ANP Average of northemn plutons
BPP Barrington Passage Piuton
CCF Cobequid-Chedabucto Fault
CHUR Chondrite uniform reservoir
CiPW Cross-iddings-Pirrson-Washington
CP Canso pluton(s)
czT Contact Zone Transect
HFSE High field strength elements
HREE Heavy rare-earth elements
IRS Incompatible elements, radiogenic isotopes, silica
LC Liscomb Complex
LDM| Late Devonian mafic intrusion
LILE Large-ion lithophile elements
LOI Loss on ignition
LREE Light rare-earth elements
MB Musqguodoboit Batholith
MiM "mafic intrusion model"
MORB Mid-ocean ridge basalt
MREE Middle rare-earth elements
MZ Meguma Zone
PMP Port Mouton Pluton
PPL Plane-polarized light
QAP Quartz, alkali feldspar, plagioclase
REE Rare-earth elements
SMB South Mountain Batholith
SP Shelburne Pluton
TNT Tantalum, niobium, titanium
XPL Cross-polarized light
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Chapter 1

INTRODUCTION, GECLOGICAL SETTING, AND PURPOSE

1-1. The Generation of Granitoid Batholiths

The processes resulting in batholith formation were extensively debated after the initial
suggestion of a magmatic origin for granitoid rocks by Hutton (1795). Early documentation of
spatial associations between mafic and granitoid intrusions between 1930 and 1940 suggested
that granitoids formed as fractionates from mantle-derived mafic nagmas. However, Holmes
(1931) recognized the inability of small mafic intrusions to evolve more voluminous granitoid
batholiths, and subsequent hypotheses invoked regional infracrusial anatexis, either through the
depression of metasedimentary rocks into deep geosynclines, or in response to the elevation of
hot lower crust to shallower crustal levels (Read, 1948). More recent theoretical and
experimental studies of crustal thickening by thrusting suggest that the generation of large
granitoid intrusions must involve extraordinarily high heat inputs (Clemens and Vielzeuf, 1987;
Bergantz, 1989), which might only occur in continental regions with exceptionally steep
geothermal gradients produced by thick crust and/or long incubation periods (Molnar et al., 1983;
Pitcher, 1987; Wyllie, 1984; Pitcher, 1987; Sandiford et al., 1992). The inferred geological
histories of many areas are commonly at variance with such high temperature histories (Pitcher,
1979a; Pitcher, 1979b; Reid et al., 1983; Zen, 1990) and current opinion suggests that a
localized and/or external thermal influence may be &t least partially responsible for generating
large granitoid intrusions (e.g. Jaupart and Provost, 1985; Williamson et al., 1992).

Such local thermal effects may include frictional heating in the vicinity of major fault
zones (Strong and Hanmer, 1981), ultrametamorphism (Brown and Fyfe, 1970; White and
Chappell, 1977), fluid influxes from the lower crust or mantle (Chamberlain and Rumble, 1989;
Litvinovsky and Podladchikov, 1993), anomalously radioactive crust (Huppert and Sparks,

1988a; Lathrop et al., 1994), and thermal focusing (Jaupart and Provost, 1985). However,
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current models for intense heating once again recognize the importance of mafic intrusions
associated with granitoid rocks (Younker and Vogei, 1976; Cantagrel et al., 1984; Huppert and
Sparks, 1988a; preface to Brown and Chappell, 1992). The increasingly widespread recognition
of bimodal magmatism in granitoid provinces ranging in age from Archean to Recent (e.g. Gupta
and Sutcliffe, 1990; Lindberg and Eklund, 1988; Reid et al., 1983; Michael, 1991; Bacon and
Metz, 1984), and with both orogenic calc-alkaline and anorogenic alkaline granitoids (Pitcher,
1987; Clemens et al., 1986), reinforces the original suggestion of a fundamental mafic-granitoid
genetic relationship in many tectonic environments throughout geological time (Table 1.1).
Although current opinions preclude fractionation relationships outside alkaline granitoid
complexes (e.g. Mitchell et al., 1983), Blake et al. (1965; p. 41-2) suggested that "the presence
of basic magma may...be essential to the uprise (and perhaps even the generation) of acid
magma". Quantifying the degree to which the mantle contributes to anatectic processes is an

important problem in granitoid petrology (DePaolo et al., 1992) and the focus for this thesis.

1-2. An Overview of Mafic-Granitoid Magma Relationships

intraplated mafic magmas can provide an efficient source of heat for the formation of
granitoids in bimodal complexes (Hyndman and Foster, 1988; Figure 1.1). Theoretical heat flow
simulations imply an approximate 2:1 relationship between the volume of mafic magma
emplaced and the volume of anatectic granitoid produced over short periods of geological time
(100-5000 years), given standard geothermal gradients, lithostatic pressures, and fluid-abserit
conditions (Huppert and Sparks, 1988b; Bergantz, 1989). After mafic intraplating and anatexis,
however, pronounced rheological and thermal contrasts exist between the juxtaposed mafic and
granitoid melts (Cantagrel et al., 1984; Frost and Mahood, 1987), and the developing low
density, superheated granitoid melt layer traps the subjacent mafic material (Biggi and Hodge,
1982; Michael, 1991; Figure 1.1a, b). Consequently, the concurrent availability of mantie-derived

mafic and crust-derived anatectic magmas also allows for mechanical interaction and chemical



Table 1.1. Previously published studies documenting mafic-granitic bimodal magmatism in continental environmenis.

% of
Batholith/ . Tect. MIM Scale of mafic
Complex Pluton Location Peralk._Metalum. Peralum. Assoc.  Age (Ma)  evidence evidence material Ref.
Punzo - Chile - - - Su Holocene Enc cm-m - 1
Complex
iMonts Dore  Sancy volcano France, Massif - - - - Quaternary Hyb, Enc cm-km - 2
volcanic Central (0.85)
domain
Coso volcanic - Southern Y - - - 0.4-0.004 Enc, Hyb cm-km - 3
field California
Niijina Volcano - Japan - - - Su 0.5-0 Enc cm-m - 4
- Wilson Ridge Arizona - Y Y Ri 13.5 Maf, Enc  cm-m 70 5
- Red Mountains Colorado - - - Ri 34 Syn, Com m - 6
- Climax Colorade - - - Ri 34 Syn, Com m - 6
- Egan Range Nevada Y - - Ri Tertiary Pit cm-m - 7
British Tertiary St. Kilda - - - Ri Tertiary Pil cm-m - 8
Province
British Tertiary  St. Kiida Scotland - Y - Ri Tertiary Hyb km - 9
Province
British Tertiary Ardnamurchan Scotland - Y - Ri Tertiary Hyb km - 10
Province
British Tertiary Stieve Gultion lreland - Y - Ri Tertiary Syn cm-m - 11
Province
British Tertiary Coire Skye, Scotland - Y - Ri Late Tertiary Che - 50 12
Province Uaigneich
Adameilo - itatian Alps - - Y Ce Tertiary Syn, Hyb, cm-m - 13
massif Enc
Patagonian Corgillgra del Southern Chile - Y - Su Miocene Synpyl-lyb, cm-km - 14
aine i
Monte - Eiba Isle, ltaly - - Y Su  Late Miocene Enc cm-m - 15
Caponne
Kallithea - Samos, Greece - Y - - Miocene Com, cm-m - 16
Complex Hyb, Maf
Hoyazo Spanish - - - Ri Neogene Enc cm-m - 17
Cordillera (13-7)
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Table 1.1. (Continued) Previously published studies documenting mafic-granitic bimodal magmatism in continental environments.

eS0Z0IC
es0zoic
esozoic
eso0zoic
esozoic
esozoic
€s020ic
esozoic
alaeozoic
alaeozoic

Central

% of
Batholith/ . Tect. MIM  Scaleof mafic
Complex Pluton Location Peralk. Metalum. Peralum. Assoc. Age (Ma) _evidence evidence material Ref.
esozoic Boulder - Montana - - - - Cretaceous Syn, Che m-km - 18
(78-58)
esozoic  Sierra Nevada Eagle Peak Yosemite, - Y Y Ri/fSu  Mesozoic  Syn, Fil cm-m 2 19
Celifornia
esozoic  Sierra Nevada Lamarck California - Y Y Su 89.6 Enc}:‘i %yn, cm-km - 20
y
esozoic  Sierra Nevada - California - Y Y - - Enc cm-m - 21
esozoic  Sierra Nevada  Smartville Northern - Y Y Ri  Jurassic (160) Enc, Maf, cm-m - 22
Complex California Syn
esozoic  Sierra Nevada Dinkey Creek California - Y - - 100 Enc cm-km - 23
esozoic  Sierra Nevada - California - Y Y Si - Enc cm - 22%
Coastal - South America - Y - fa - Maf, Syn m 20 26,
Batholith, Peru 27,
28
Coastal - South America - - - - 104-34 Enc cm-m - 29
Batholith, Peru
idaho Bitteroot Lobe - - Y Su 110-100  Hyb, Syn, cm-km 52 30,
Com, Enc 31
Peninsular - Baja, California - Y Y la - Maf, Che, cm-km - 32
Ranges Enc
Snake Creek - Nevada - - Y - Jurassic Che km - 33
Querigut - French - Y Y - Hercynian Hyb km - 34,
Complex Pyrenees 2
Coast - British - - - - - Syn m - 35
Mountains Columbia
Anglem The Neck New Zealand - Y - - Cretaceous Enc, Syn, cm-m - 36
Complex Pil
Ploumanac’h Brittany, France - Y - Cc 300 Maf, Enc cm-km - 327,
Velay - France, Massif - Y - Cc 304 Enc, Che cm-km - 38

} JoideyD
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Tab!e 1.1. (Continued) Previously published studies documenting mafic-granitic bimodal magmatism in continental environments.

. % of
Batholith/ . Tect. MiM Scale of mafic
Complex Pluton Location Peralk. Metalum. Peralum. Assoc. Age (Ma)  evidence evidence material Ref.

Velay Rocies France, Massif - - - - 308 Enc m - 38
Central
Velay Moyet, St France, Massif - - Y Cc 328 Enc cm-m - 40
Gervais, St Central
Julien
Braga Massif - Portugal - Y Y Cc 310 Maf, Enc, cm-km 41
Hyb
- Sietra de Argentina - - - - 350 Enc, Maf, cm-m - 42
Paiman Hyb
- SP, BPP, PMP Nova Scotia, - - Y Su 370 Maf cm-m - 43,
Canada 44
- Liscomb Nova Scotia, - - Y Su 372 Maf cm-m 5 45
Complex Canada
Northeast - Vermont - Y Y Su ca. 380 Maf, Hyb  m-km - 46
Kingdom
Newer Strontian, Scotland - Y Y la 430-395 Enc, Maf m-km - 47,
Granites Criffell 48
Coastal Maine - Maine - Y Y Su/Ri 436-380 Maf, Enc, cm-km 20 43
Magmatic Hyb,
Province Com, Syn
Coastal Maine Cadillac Mount Desert - - - Ri - Syn, m-km - 50
Magmatic Mountain Island, Maine Com, Maf
Province
Coastal Maine - Mount Desert Y Y - - - Pil, Com, m - 51
Magmatic Island, Maine Syn, Maf
Province
Coastal Maine Cadiilac Mount Desert - - - - - Enc cm-m - 52,
Magmatic Mountain, Island, Maine 53
Province Somesville
“Coastal Maine Pleasant Bay Mount Desert - Y Y - - Maf, Syn, m - 54
Magmatic Island, Maine Com, Hyb
Province
Topsails Newfoundland Y Y - Su 470-460 Com, Hyb cm-m - 55
Igneous Canada
terrane
Cider Granites Scotland Y la > 480




Table 1.1. (Concluded) Previously published studies documenting mafic-granitic bimodal magmatism in continental environments.

% of
Batholith/ . Tect. MIM Scale of mafic
Era Complex Piuton _ocation Peralk. Metalum. Peralum. Assoc. Age (Ma) evidence evidence material Ref.
alaeozoic Carres, Erisa, - Corsica, France Y - - An Permian Enc, Syn cm-m - 56
Abellara
Complexes
alaeozoic Burgos, Northern - - - Cc Carboniferous Enc, Hyb cm-km - 57
Emauruy, Sardinia .
Budduso,
alaeozoic Berridale, Lachian Fold Southern - Y Y - - Enc, Che cm, km - 58
Cooma Belt Australia
Complex,
Murrumbidgee,
Kosciusko,
Moruya
alaeozoic lberia - Y Y - - Enc, Che cm-km - 59
alaeozoic  Swifts Creek - Southeastern - - - - Early Enc cm-m - 60
Australia Devonian
roterozoic  Finnish G's Pingo Svecofennia - Y - An Proterozoic Hyb km - 61
roterozoic  Pikes Peak Colorado Y - - An 1,040 Hyb km - 62
roterozoic  San Isabel Colaorado - Y Y An Prt(:v;%l})iz)oic Pil, Syn cm-m - 63
roterozoic Coldwell - Ontario, Y - - 1,044 Maf, Enc  cm-km - 64
Complex Canada
roterozoic Rapakivi - scuth Y - - An Proterozoic Maf m - 65
Greenland (1740)
roterozoic Nain Labrador - - - An Proterozoic Malfi %nc, cm-km - 66
Y
chean Lac des Isles Ontario, Su Archean Pil, Syn, cm-km - 67
Canada Hyb
chean Bushveld South Africa Y - - An 2,050 - km - 68
nknown Um-mara Eilat, Sinal - - - - - Syn m - 69
iliation ———

Su = subduction, Ri = rift, Cc = continent-continent collision, la = island arc, An = anorogenic; Enc = mafic igneous enclaves, Hyb = hybrid granitoid

fithologies, Maf = contemporaneous mafic intrusions, Pil = pillowed synplutonic mafic intrusions, Syn = synpiutonic miafic intrusions, Com = synplutonic
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composite dykes, Che = granitoid Sr, Nd, or O isotope chemistry. 1 = Davidson et al. (1990), 2 = Cantagrel et al. (1984}, 3 = Bacon and Metz (1984), 4

= Koyagouchi (1992), 5 = Larsen and Smith (1890}, 6 = Shannon (1984), 7 = Feeley and Grunder (1890), 8 = Wager and Bailey (1955), 9 = Sparks

} s9)deyd

and Marshall (1986), 10 = Vogel (1982), 11 = Gamble (1979), 12 = Dickin and Exley (1981), 13 = Blundy and Sparks {1992), 14 = Michael (1991), 15 =
Bussy (1992), 16 = Mezger et al. (1985), 17 = Zeck (1952), 18 = Tilling (1973), 19 = Ried et al. (1983), 20 = Frost and Mahood (1987), 21 = Dodge and
Kistier {1988), 22 = Beard and Day (1988), 23 = Dorais et al. (1989), 24 = Barbarin (1882), 25 = Holden et al. (1987), 26 = Brown et al. (1984), 27 =
Pitcher (1987), 28 = Pitcher (1992), 29 = Bussell (1992), 30 = Foster and Hyndman (1890}, 31 = Hyndman and Foster (1988), 32 = Silver and Chappell
(1988), 33 = Lee and Christiensen (1983), 34 = Fourcade and Aliegre (1981), 35 = Roddick and Armstrong (1958), 36 = Cook {1988), 37 = Albarede et
al. (1980), 38 = Williarnson et al. (1992), 39 = Sabatier (1991), 40 = Pin et al. {1990), 41 = Dias and Leterrier (1994), 42 = Lorenc {1980}, 43 = de
Albuquerque (1977), 44 = de Albuquerque (1979), 45 = Clarke et ai. (1993a), 46 = Ayuso and Arth (1892), 47 = Fowler (1988), 48 = Stephens et al.
(1982), 49 = Hogan and Sinha (1988), 50 = Chapman (1961), 51 = Taylor et al. (1980), 52 = Seaman (1990), 53 = Seaman and Powers (1991), 54 =
Wiebe (1993), 55 = Whalen and Currie (1984), 56 = Platevoet and Bonin (1992), 57 = Zorpi et al. (1989), 53 = Gray (1984), 53 = Eberz and Nicholls
(1988), 60 = Lindberg and Eklund (1988), 61 = Barker et al. (1975), 62 = Barker et al. (1975), 63 = Noblett and Staub (1990), 64 = Mitchell et al.

(1983), 65 = Brown et al. 1992, 686 = Wiebe (1980), 67 = Sutcliffe et al. (1990), 68 = Kleemann and Twist (1969), 69 = Eyal (1980).
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Figure 1.1. Graphical summary of anatectic melt generation and magmatic interaction resuiting

from mafic intraplating. See the text for a discussion.
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mass transfer between the contrasting magma types, either in the anatectic source region, or
during the movement of granitoid meits to shallower crustal leveis (Castro et al., 1990; Barbarip
and Didier, 1992a).

Initially, minor mafic dykes, sills, and plugs of mafic material intersecting the
supersolidus granitoid mingle and form an immiscible emulsion of mafic "pillows" in response to
the marked thermal and viscosity contrasts (Kouchi and Sunagawa, 1985; Furman and Spera,
1985). Larger mafic synplutonic dykes with cuspate and crenulate margins may be preserved at
the site of intrusion if rapid cooling occurs under relatively tranquil conditions in the host granitoid
(Hyndman and Foster, 1988; Nobiett and Staub, 1990). However, convection in the granitoid
may disrupi the mafic incursion, and redistribute its material as enclaves and inclusion trains
(Furman and Spera, 1985; Chen et al., 1990). Given sufficiently voluminous incursions of mafic
magma into the crystallizing granitoid magma chamber, open system magma mixing may
produce intermediate lithologies when the relative temperatures and viscosities of the
end-members become similar (Campbell and Tumer, 1985; Figure 1.1c). Hybridism generally
produces composite dykes (Chapman, 1961) and localized hybrid patches (Reid et al., 1983;
Huppert and Sparks, 1983b), but it may also induce extreme compositional variation in the
granitoid magma chamber (Zorpi et al., 1989). Fractionation of the mafic material to produce a
variety of evolved granitoid compositions can occur on a minor scale in exceptionally hot or

insulating crust (cf. Stem and Hanson, 1991).

1-3. The "Mafic Intrusion Model"

Table 1.1 summarizes important published investigations of granitoids supposedly
influenced by these chemical and thermal contributions from mafic intrusions. Regardiess of the
tectonic environment or the chemical classification of the granitoid, all previous studies rely on
the recognition of close temporal and spatiai associations between mafic and granitoid rocks in
outcrop {Lee and Christiansen, 1983; Hogan and Sinha, 1989; Rock, 1990). In bimodal

complexes, the mafic rocks invariably occur as independent precursor intrusions,
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penecontemporaneous cross-cutting bodies, synplutonic intrusions, and/or as mafic igneous
enclaves (Furman and Spera, 1985). Where mafic intrusions do not crop out, regional gravity or
seismic studies commonly suggest their presence at depth (Lynn et al. 1981; Gupta and
Sutcliffe, 1990), and/or metaluminous granitoid compositions argue strongly for mafic-granitoid
magma mixing (Hogan and Sinha, 1989). Many recently published studies of mafic-granitoid
relationships recognize the significance of these features and use them to suggest the
importance of contemporaneous mafic inagmas as suppliers of chemical components and,
therefore, also as a source of heat (Hogan and Sinha, 1989; Michael, 1991; Dias and Leterrier,
1994), especially if the inferred geological history of a region necessitates a thermal supplemant
(Feeley and Grunder, 1990; Williamson et ai., 1992).

In this study, combination of all the criteria for mafic-granitoid genetic relationships with
the results of heat flow modelling allows the construction of a test for granitoid generation by
mafic intraplating, hereafter named the “rnafic intrusion modei* (MIM). The MIM requires that
granitoid rocks crop out with age-equivalent mafic intrusions and that they show evidence for
mafic-felsic magmatic interaction in the form of synplutonic intrusions, hybrid granitoid
lithologies, and/or mafic igneous enclaves. In areas with the deepest erosion, the number of

?resewed MIM criteria probably reflects the importance of mafic material during granitoid
petrogenesis, but in areas with shallower exhumation, direct evidence for mafic invoivement may
be less obvious or absent (Hyndman and Foster, 1988). The evaluation of a MiM for any
granitoid suite must, therefore, recognize the crustal depth represented by the current level of
exposure, and it must rely on indirect constraints applied by geochronology, and on the physical
and geochemical characteristics of both the mafic and granitoid end-members. This study
provides the first investigation of a MIM for the peraluminous granitoids of the Meguma

lithotectonic zone in the northern Appalachians.
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1-4. Geologicai History of the Meguma Zone

The Canadian segment of the Appalachian Orogen contains five distinct lithotectonic
zones (Figure 1.2). From northwest to southeast, the Humber Zone represents the ancient North
American continental margin of the lapetus Ocean (Keppie, 198S; Williams et al., 1988), the
Dunnage Zone contains parautochthonous ophiolites and olistostromes, and the Gander Zone
consists of allochthonous siiclastic and volcanic rocks with conjecturai provenance in lapetus
(Keppie, 1982; Williams and Hatcher, 1982). The Avalon Zone represents a composite of
microcontinental fragments (Zen and Paimer, 1981) and current interpretations suggést that'it
may mark the conjugate southeastem margin of lapetus (Keppie, 1985; Keppie, 1989; Keppie et
al., 1992). The Meguma Zone (MZ) forms the fifth and outermost Appalachian zone, and it
occupies an onshore area in excess of 125,000 km? in southwestern Nova Scotia. Regional
gravity and magnetic fingerprinting implies that the MZ extends 200 km out to the shelf edge,
and it may aiso be present offshore southwest of Cape Breton and Newfoundland (Pe-Piper and
Loncarevic, 1989; Figure 1.2). The Cobequid-Chedabucto fauit system separates the MZ from
the adjacsnt Avalon Zone and represents the terrane boundary (Williams and Hatcher, 1983;
Figure 1.2). Distinct metallogenic, faunal, plutonic, and tectonic characteristics suggest that an
ocean lay between the MZ and North America until the Devonian (Schenk, 1975; Schenk, 1981;
Keppie, 1977, Piqué and Skehan, 1992).

Figures 1.3 and 1.4 summarize the stratigraphic succession and the chronology of
Palaeozoic geological events in the MZ. The Meguma Group is the oldest axposed lithologic
unit, and it forms a circa 14 km thick sequence of Cambrian and Lower Ordovician texturally and
compositionally mature metapelites and metagreywackes (Schenk, 1970; Schenk, 1981; Schenk,
1983; Figure 1.3). The lowermost Goldenville Formaticn contains fine-grained psammitic
turbidites with subordinate slate int:rbeds (Krogh and Keppie, 1990), whereas the overlying
Halifax Formation consists of predominantly pelitic Bouma sequences (Schenk, 1983). Schienk

(1975) and Schenk (1991) interpreted the Meguma Group as a deep-sea fan complex that
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developed on the northern passive margin of Gondwana during the closure of the Theic Ocean.
Samarium-neodymium isotope systematics (T,,,z = 13581104 Ma), and detrital zircon ages
between 0.5 and 3.0 Ga, dictate the provenance of Meguma sediments from Archean and
Pan-African metasedimentary and meta-igneous protoliths in either present-day Morocco or
Colombia during the Cambro-Ordovician (Ciarke and Halliday, 1985; Krogh and Keppie, 1990).

Upper Ordovician glacio-eustatic regression produced a 3 km thick conformable shelf
succession known as the Annapolis Supergroup above th2 Meguma Group before the
Mid-Devonian (Schenk, 1978). The Upper Ordovician White Rock Formation rests directly on the

.Meguma Group, and it consists of a glacial diarﬁictite overiain by massive orthoquartzites,
greywackes, and tholeiitic-alkaline volcanics deposited in a neritic environment (Lane, 1975a).
Volcanic rocks and associated hypabyssal dykes, sills, and plugs suggest either within-plate
hot-spot volcanism or a subduction-related island arc environment with thick continental crust,
during the progressive transport of the Meguma terrane towards the North American continental
margin (Sarkar, 1978; Barr et al., 1983). Shallowing of the Theic Ocean allowed the
deveiopment of near-shore siltstones, graptolitic slates, quartzites, and overlying fossiliferous
and volcaniclastic strata belonging to the Kentville, Torbrook, and New Canaan Formations
(Smitheringdaie, 1973; Lane, 1975b; Schenk, 1981; Figure 1.4).

Polyphase regional deformation and metamorphisin of the Acadian Orogeny occurred
between 410 and 375 Ma (Keppie and Dallmeyer, 1987; Figure 1.4), initially
penecontemporaneous with the deposition of the super-Meguma strata. Probable Avalonian
basement xenoliths within the Popes Harbour dyke (Eberz et al., 1991) suggest that the Acadian
event represents the northwesterly obduction and progressive dextral rotation of the Meguma
terrane onto the Avalon Zone along the Cobequid-Chedabucto fault system (Keppie, 1982;
Williams and Hatcher, 1982; Mawer and White, 1987; Eberz et al., 1991). The earliest
deformation occurred between 410 and 385 Ma (Dallmeyer and Keppie, 1986) and it produced

open, upright, northeast-trending regional folds and thrusts within the Meguma Group (Fyson,
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1966: Schenk, 1975; N. Cuishaw, pers. comm., 1993). Contemporaneous regional greenschist
facies metamorphism occurred at less than 500°C and 350 MPa (Raeside et al., 1988) and it
probably resuits from crustal thickening during terrane emplacement (Keppie and Dallmeyer,
1987); lower amphibolite grade metamorphic culminations also exist in southwestern and
northeastern areas of the MZ (Figure 1.3; Elias, 1986; Raeside et al., 1988). Satellite crossfolds
and micro-scale crenulations formed on northeasterly oriented structures during terrane rotation
between 385 and 375 Ma (Fyson, 1966; Keppie and Dalimeyer, 1986) and they formed with
northwest-trending sinistral, dextral, and transcurrent faults and shear joints (Eisbacher, 1969;
O'Brien, 1983) that probably record the onset of tectonic uplift.

A suite of predominantly peraluminous granitoid plutons intruded the Meguma crust in
the Late Devonian. The maost primitive tonalites and granodiorites crop out as small plutons in
the extreme southwest and northeast of the MZ (de Albuquerque, 1977; Hiil, 1988; Figure 1.3).
Magmatic homnblende from the Barrington Passage Pluton and zircon from the Canso plutons
suggest syntectonic tonalite crystallization at 385-378 Ma (Reynolds et al., 1987; Hill et al.,
1990). In contrast, the South Mountain Batholith (SMB) represents a 7,500 km? polyintrusive
complex of more evolved granodiorite, monzogranite, and leucomonzogranite lithologies (Home
et al., 1989). The SMB forms the largest granitoid intrusion in the Appalachian Orogen and it
consists of 13 identified plutons that intruded simultaneously at circa 372 Ma (Clarke and
Muecke, 1985; Reynolds et al., 1987; Clarke et al., 1993b; Figures 1.3 and 1.4). Elongation of
the SMB parallel to regional fold trends, the presence of a cordierite foliation within the margina!
granodiorite, the occurrence of syn-intrusion faults (Home et ai., 1988), and a contact aureole
that locally overprints regional metamorphic assemblages, all suggest its syn-tectonic to
late-tectonic emplacement (Raeside et al., 1988). All granitoid bodies have miarolitic cavities
and show the abundant pegmatites of epizonal granitoids; they probably represent diapirs that
intruded by both stoping and forceful emplacement (Clarke and Muecke, 1985; Douma, 1988;

Ham, 1988, Hill, 1991). AFM mineral and two-feldspar palaeobarometry suggest the
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Figure 1.4. Summary of the chronostratigraphic succession of Nova Scotia, emphasizing the
Palaeozoic geologicat events in the Meguma Zone. The shaded area represents the time period
considered by this thesis. Geological timescale after Harland et al. (1989) with Carboniferous
chronolithologic information after Gibling (in press). Omament as in Figure 1.3; CCF =
Cobequid-Chedabucto Fault, GF = Goldenville Formation, HF = Halifax Formation, WRF = White
Rock Formation, KFF = Kentviille Formation, TF = Torbrook Formation, NCF = New Canaan
Formation, HG = Horton Group, WG = Windsor Group, MG = Mabou Group, PG = Pictou Group,
NMB = North Mountain Basait.
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emplacement of most bodies at approximately 10-14 km depth in the middle to lower epizone
(e.g. Ham, 1988), and metamorphic assemblages in the Meguma Group support this depth range
(Raeside et al., 1988).

Foilowing Meguma-Avalon collision, what is now Atlantic Canada became the locus of
dextral transtension prior to and during the Upper Carboniferous-Lower Permian Alleghanian
(=Hercynian) Orogeny between 375 and 260 Ma (Keppie, 1977; Scotese et al., 1984; Mawer and
Williams, 1986; Piqué and Skehan, 1992; Figure 1.4). Penetrative foliations developed in
granitoid plutons close to the Cobequid-Chedabucto fault system at Canso (Hill, 1986; Hill and
Raeside, 1987; Hill, 1988, Figure 1.3), and uplift exposed the SMB to erosion 5-15 Ma after
emplacement (Home, 1988; Martel et al., 1993). Localized shearing, retrograde metamorphism,
and hydrothermal mineralization occurred most intensely in southwestemn and northeastern areas
of the MZ, where it partially reset “Ar/°Ar geochronometers (Reynolds et al., 1987; Muecke et
al., 1988). Throughout the Carboniferous and Permian, immature fluvial and lacustrine siliclastic
molasse and coal accumulated in the fault-bounded Fundy rift and Magdalen Basin (Martel and
Gibling, 1991; Keppie, 1989; Figure 1.4) to form the earliest overlap assemblages common to
both the Meguma and Avalon terranes (Williams and Hatcher, 1982). The culmination of rifting
in the Triassic led to the opening of the Atlantic Ocean and the isolation of the MZ in its present

position against the North American continental margin (Schenk, 1981).

1-5. Previous Studies of Granitoid Petrogenesis in the Mequma Zone

Late Devonian granitoids in the MZ range in composition from subordinate hornblende-
and biotite-tonalite and biotite-granodiorite, dominant two-mica monzogranites (Rogers, 1984;
Clarke and Muecke, 1985; Douma, 1988; MacDonald et al., 1989) to leucomonzogranites and
leucogranites. Most lithologies have peraluminous compositions (A/CNK >1) (Clarke et al.,
1993b) and they, therefore, contain accessory muscovite, cordierite, gamet, andalusite, or topaz

(Clarke and Muecke, 1985 and references therein). Within the South Mountain Batholith (SMB),
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geochemical variation largely resuits from modal phenocryst and accessory mineral
fractionation, from late-magmatic fluid-rock interaction (Muecke and Clarke, 1981; Clarke and
Chatterjee, 1988), and probably also from Meguma Group contamination (Clarke et al., 1988;
MacDonald et al., 1990). Epsilon neodymium values are variabie (-5.2 to -1.4) but higher than
those for the Meguma Group (Clarke et al., 1988), and they suggest the derivation of SMB
magmas from sub-Meguma basement sources composed of metagreywackes and possibly a
minor component of altered volcanic rocks. Ortho- and paragneisses exposed at two localities in
the MZ have Sr-Nd isotopic compositions appropriate for the formation of peraluminous partial
melts similar to the SMB granitoids (Eberz et al., 1991; Clarke et al., 1993a).

Keppie and Dallmeyer (1987) su:jgested that the generation of anatectic granitoid melts
occurred in response to the siow rise of isotherms in the lower crust during terrane accretion, but
Clarke et al. (1988) recognized that considerable overthrusting would be required to produce
temperatures sufficient for the generation of the voluminous SMB and Culshaw (pers. comm.,
1993) noted that the open, upright morphologies of kilometric folds within the Meguma Group do
not suggest extreme thickening. Hill (1891) proposed that the presence of tonalites requires high
temperatures in the sub-Meguma basement source, and that the existence of amphibolite
metamorphic cuiminations at the northeastemn and southwestemn extents of the MZ also indicate
steep geothermal gradients of >40°C km™ in parts of the Meguma Group. Both Owen et al.
(1988) and Eberz et al. {(1991) document sub-Meguma basement that records much lower
temperatures (<760°C at circa 25 km depth) than this steep gradient predicts, and crustal
thickening alone may not explain these features. Although the degres of thickening associated
with Meguma Group accretion is not known, current interpretations favour a localized and
external source of heat to explain both metamorphic and petrologic features in the MZ.

De Albuquerque (1979) initially discovered that the emplacement of MZ granitoids
occurred synchroriously with a suite of volumetrically minor mafic intrusions. Two of these

intrusions crop out within tonaiites of the Barrington Passage and Shelbume plutons (Rogers,



Chagter 1 19
1984). Douma (1988) later documented synplutonic lamprophyre intrusions within the Port
Mouton Pluton, and “Ar/*®Ar dating by Reynolds et al. (1987) and Kempster et al. (1989)
confirmed contemporaneous (circa 370 Ma) ages for mafic bodies intruding the Meguma Group.
Most recently, Hill (1991) and Clarke et al. (1993a) sugyested the thermal significance cf Late
Devonian mafic intrusions (LDMis) during their study of the Liscomb Complex and Canso
plutons. Given that crustal thickening may not adequately explain petrological and metamorphic
features in the MZ, and that temporally and spatially intimate mafic intrusions apparently exist,
mo Jels for granitoid petrogenesis must consider the importance of the much smaller mafic

bodies.

1-6. Purpose, Objectives, and Organization

This project describes and accounts for the nature and characteristics of the LDMis, and
it investigates the importance of mafic material as a source of both chemical components and,
therefore, heat in the entire MZ during the Acadian Orogeny. To fuily explore the MIM
hypothesis, this work adopts an integrated, multidisciplinary approach with the following

objectives:

(1) recognize all of the Late Devonian mafic intrusions and investigate their intrusion age(s),

evolutionary processes, magma source(s), and regional tectonic significance;

(2) examine the evidence for interaction between mafic and peraluminous granitoid material

(synplutonic mafic intrusions and enclaves) and evaluate the elements transferred; -

(3) test a compiled granitoid geochemical database for indications of interaction between mafic

and granitoid meits, based on the physical and chemical evidence outlined above; and

(4) modei the feasibility of the LDMIs as anatectic heat sources using theoretical simulations

constrained by Acadian metamorphic conditions in the crust of the M2,
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The characteristics and petrogenesis of the mafic intrusions appears in Chapter 2, and
Chapter 3 evaluates the evidence for mafic-granitoid magmatic interaction at the synplutonic
intrusion sites. These sections provide the foundation for examining mafic-granitoid genetic
relationships in the MZ. Chapter 4 studies the enclaves preserved in four MZ granitoids, whereas
Chapter 5 applies the results of the field studies to the geochemical characteristics of ail
granitoid intrusions in the MZ and searches for mantle-derived chemical components. Finally,
Chapter 6 tests the thermal capabilities of the LDMIs with theoretical heat flow models. The
discussion in Chapter 7 evaluzies the applicability of a MIM to the peraluminous granitoids in the
MZ, and suggests the imposition of a modified petrogenetic model that advocates mafic
intraplating as a petrogenetic process. This study also considers other possible sources for
localized and/or external heating, and discusses the assumptions and limitations intrinsic to the

MiM.



Chapter 2
THE CHARACTERISTICS AND PETROGENESIS OF LATE
DEVONIAN MAFIC INTRUSIONS

2-1. Introduction

The Meguma Zone (MZ) contains four suites of minor mafic intrusions defined on the

basis of relative age (Figure 2.1).

(1) Ordovician {?). Diabase dykes &nd sills intrude the Meguma Group and White Rock
Formations in the vicinity of Wolfville, Nictaux-Torbrook, and Bear River (Barr et al., 1983). Most
bodies have thicknesses [ess than 2 m and they show characteristic vesicular textures. Thin
sections reveal a saussuritized mineralogy dominated by chlorite, sericite, albite, and
plagioclase. Folding of the sills with their host sediments indicates pre-Acadian intrusion, and
soft-sediment deformation at their contacts with the Meguma Group implies an Ordovician age,
although no bodies contain primary magmatic geochronometers (S. M. Barr pers. comm., 1992).

These rocks show the geochemical characteristics of ocean tholeiites (Barr et ai., 1983).

(2) Early Silurian. Deformed and metamorphosed gabbroic plugs, diabase dykes, and
metabasites intrude the Halifax and White Rock Formations in the vicinity of Yarmouth (Sarkar,
1978, Calder and Barr, 1982). The physical characteristics and mineralogy of these rocks
resemble those of the Ordovician dykes and sills, but their discordant contact relations with the
White Rock Formation instead suggest an Early Silurian age (Keppie and Dostal, 1991) despite
Alleghanian tectonothermal resetting of “Ar/*?Ar (amphibole) geochronometers (Elias, 1986;
Muecke et al., 1988). The geochemistry of these bodies reflects continental or island arc

tholeiitic magmatism (Calder and Barr, 1982).
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Figure 2.1. Geological map of the Meguma Zone showing the locations and ages of currently identified mafic intrusions. Ordovician mafic
intrusions: 1 = Wolfville area dykes and sills, 2 = Nictaux-Torbrook dykes and sills, 3 = Bear River area dykes and silis. Early Silurian mafic
intrusions: 1= Yarmouth area White Rock dykes, sills, and lavas, 2 = Mavillette diabase piug. Late Devonian mafic intrusions: 1 =
Attwoods Brook gabbronorite plug, 2 = Birchtown diorite sheet(?), 3 = Forbes Point lamprophyre dyke, 4 = Mcleods Cove lamprophyre
sheet, 5 = Mersey Point picrite plug, 6 = Ovens altered diorite dykes, 7 = Weekend dyke lamprophyre dykes, 8 = Liscomb Complex
gabbro-diorite plugs. Early Jurassic mafic intrusions: 1 = North Mountain basait lavas, 2 = Shelbume diabase dyke. Abbreviations and
omament as in Figure 1.3 in Chapter 1. Modified after Donohoe and Grantham (1989).
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(3) Late Devonian. Volumetrically minor plugs, synplutonic bodies, and dykes crop out along the
southem and eastern shores of Nova Scotia (de Albuguerque, 1979; Kempster et al., 1989).
Eleven bodies occur within the Meguma Group, four mafic intrusions crop out as synplutonic
intrusions within granitoid bodies (Rogers, 1984; Douma, 1988; Gailant, 1991), and two
mafic-intermediate bodies crop out within high-grade ortho- and paragneisses in close proximity
to the granitoid bodies of the Liscomb Complex (Clarke et al., 1993a). These rocks have hydrous

ferromagnesian mineral assemblages.

(4) Triassic-Early Jurassic. Tholeiitic "olivine-lamprophyre” dykes of Mesozoic age intrude the
Wedgeport Pluton (Cuilen, 1983), and the Shelbume diabase dyke cuts the Meguma Group and
crops out discontinuously from Pubnico to LaHave (Papezic and Barr, 1981). These dykes have
diabasic textures and they consist of olivine, clinopyroxene, and plagioctase microphenocrysts
that are partially altered to chlorite and epidote. They form part of a swarm of northeasterly
trending tholeiites in Eastern North America associated with proto-Atlantic rifting (McHone,
1992), and may be genetically related to the mineralogically similar Narth Mountain basalts

(Dostal and Greenough, 1992).

This chapter documents the fieid relations, petrography, ages, and geochemical
characteristics of the predominantly mafic third suite, hereafter known as the Late Devonian
mafic intrusions (LDOMIs) despite the inclusion of iwo intermediate intrusions. it develops a
petrogenetic model for their magmatic evolution, mantle source(s), and their tectonic
environment, and it provides criteria for the recognition of Late Devonian mafic material. Figure
2.1 shows the locations of the currently recognized LDMIs. Detailed location maps, microprobe
data, and geochemical analyses for each intrusion appear in Appendices B-1, B-2, and B-3,

respectively.
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2-2. Field Relations and Petrography of Late Devonian Mafic intrusions

The LDMI suite consists of five isclated intrusions, an intrusive complex, and two smal}
dyke "swarms". Table 2.1 summarizes their lithologic characteristics, modal mineralogy, and
previously published documentation. A detailed synopsis for each body appears below; Appendix

A-~1 describes the microprobe operating conditions.

2-2.1. Homblende-Gabbronorite at Attwoods Brook, Barrington Passage

Field relations

A black (ginger-brown weathering) massive body of medium to coarse-grained
gabbronorite crops out along the shore and on three of the islands in Murray Cove near Attwoods
Brook, entirely enclosed within the Barrington Passage Pluton (Figure 2.1). Although the contact
relations with the host tonalite do not crop out, a ground magnetic survey (Appendix A-2)
superimposed upon the outcrop pattem, suggests that it has an irregular morphology and
probably thins to the northwest. Despite the current exposure of less than approximately 10% of
the gabbronorite, interpolation between outcrops suggests that this body must extend for at least
600 m parallel to its longest axis. Fresh material exhibits a randornly oriented and equigranuiar
intergrowth of black pyroxene and tabular plagioclase laths up to 2.5 mm, and it commonly hosts
1-20 cm scale coarse-grained gabbro-pegmatite veinlets containing pyroxene, amphibole, and
plagioclase euhedra up to 1 cm. Altered gabbronorite has a greenish hue resulting from
chloritization and it shows the deveiopment of randomly oriented biotite and amphibole grains up
to 2.5 mm. Aiteration commonly coincides with pervasive, anastomosing joints that dissect all
recognized exposures (Figure 2.2). Along the shore and on one island in Murray Cove, granitic

pegmatites emanating from the host tonalite brecciate the gabbronorite into angular fragments.



Table 2.1. Summary of the lithologies, intrusive type, macroscopic characteristics, and previous research for the Late Devonian mafic intrusions.
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Fig.
21 No. of
No. Location bodies  Lithology Morphology Length (m) Width (m) Strike (°) Dip Mode n Refs.il
1 Attwoods 1 Gabbronorite  plug (?) ~750 ~260 - - Plgyos CpXya7s 00X s Hblsa Bty 5 1,2
Brook Qtz, ; OpQyss Chlyg,
2 Birchtown 1 Diorite sheet (7?) >100 >100 - - Plap Kisges Hbl 50 Bty s Qtz, 00 4 1,2
(High-K Opqy 5, Chly g
diorite)
3 Forbes 1 Spessartite dyke - 5 20 90 Pl Kfs,, Hbl,,, Bt,, Qtz,,Opg,; 1 3
Point
4  Mcleods 1 Kersantite/ sheet >80 0.1-1 40 458W Py, Kfs, 5, Hblyy s Bty Qt2s 5, 3 3
Cove spessartite Op4, ¢
5 Mersey 1 Picrite plug ~200 ~300 - - OlygPlsg; Cpx,e; Opx,, Hblg., 4 1,4
Point Phls o, Q2,15 Opa, 7 Chiy o
6 Ovens 4 Diorite dyke >1000 0.75-3.2 220 85SE Pl Kfs,,Qtz,, Cal,,, 3 5§
(altered)
7  Weekend 10 Spessartite dyke >1000 0.01-14.7 164 90 See Table2.2 - 6,7 8
dykes
8 Liscomb 2 Gabbro- plug 2500-5000 2500-7000 - - Pl1 Cpx Hbl Bt Opqg - 9,10
complex diorite

Modal percentages represent averages of between 3 and 5 thin sections per body (between 2500 and 3500 counts per thin section) using a Swift
F415C point counting device. The results lie statistically +2% with 95% confidence (Van der Plas and Tobi, 1965). Modal classifications after
Streckeisen (1976, 1979). Mineral abbreviations after Kretz (1983); Opq (opaques) = Spl+Mag+Py. 1 = de Albuquerque (1979), 2 = Rogers (1984), 3 =
Douma (1988), 4 = Elias (1986), 5 = Hall (1979), 6 = Greenough et al. (1988), 7 = Kempster (1988), 8 = Ruffman and Greenough (1890), 8 =

Chatterjee et al. (1989), 10 = Clarke et al. (1993a).
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Figure 2.2. A typical outcrop of gabbronorite at Attwoods Brook. Note the pervasive joint pattem.

View to the northeast, notebook 20 cm long.
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Petrography

The Attwoods Brook gabbronorite contains a panidiomorphic-hypidiomorphic intergrowth
of plagioclase (80-63%), clinopyroxene (18-22%), orthopyroxene (4-9%), and amphibole
(4-10%), with subordinate biotite (0.5-3%) and rare quartz (0.1-0.7%). The texture of this
intrusion varies over the outcrops. Samples taken away from the presumed contacts show
orthocumulate characteristics (Figure 2.3). They have flow-aligned, normally zoned plagioclase
(1.0-5.5 mm; Ang-An,,) ophitically to subophitically enclosed by augite (2.5-5 mm;
Wo,, ,,En,, .FS, ;) 2nd subordinate hypersthene (2.5-3.5 mm; EnFs;,). Light brown
magnesio-homblende, tschermakitic homblende, and actinolite (2.5-5 mm) occur as equant
patches that crystallized interstitially with quartz. Chalcopyrite and chrome-spinel occur with
accessory zircon and apatite as hypidiomorphic inclusions within all mineral phases. Close to
joint planes, and towards the contacts with the Barrington Passage Pluton, the gabbronorite
becomes progressively altered. Figure 2.3 illustrates the development of amphibole overgrowths
on augite and hypersthene. Epidote and calcite commonly occur in these regions with sericitized

plagiociase and locally abundant quartz.

Preliminary interpretations

De Albuquerque (1979) noted the preferential development of amphibole towards the
presumed gabbronorite-tonalite contact and suggested the synplutonic intrusion of this body.
Rogers (1984) instead considered the gabbronorite a large xenolith withir the Barrington
Passage Pluton, but Gallant (1991) demonstrated the re-orientation of tonalite magmatic
foliations around the gabbronorite, perhaps in support of the synplutonic interp:zetation. Although
poor exposure obscures the intrusive nature of the gabbronorite, its large size argues strongly
against a xenolith origin unless the Bairington Passage Pluton enveloped the body in situ.

Amphibole compositions may support a synplutonic nature for the intrusion. If the

euhedral and overgrowth amphiboles resulted from both magmatic recrystallization and
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Figure 2.3. Photomicrograph of the plagioclase-orthocumulate texture in the Attwoods Brook
gabbronorite. Note the weak flow alignment of plagioclase, and the intercumulus clinopyroxene,
amphibole, biotite, and quartz. Amphibole also replaces clinopyroxene in the groundmass. Field of

view 17 mm, XPL.
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subsequent metamorphism or alteration, two different compositions should exist. instead, Figure
2.4 shows the compositional continuum of amphiboles present within the Attiwoods Brook
gabbronorite. Amphibole crystals have Si (atomic) between 7.0 and 7.8 that suggest they formed
under both subsolidus magmatic and hydrothermal conditions (Pe-Piper, 1988), but no clear
chemical separation exists between the euhedral intercumulus (presumed late-magmatic)
amphiboles, and the poikilitic overgrowths on clinopyroxene (presumed hydrothermal). The
restriction of amphibole overgrowths close to the contacts with the Barrington Passage Pluton
may implicate the thermal and chemical effects of the tonalite host on the crystallizing
gabbronorite; perhaps the tonalite and gabbroncrite coexisted in a magmatic state and

transferred volatile constituents.

2-2.2. Diorite at Birchtown Quarry, Shelburne

Field relations

Birchtown Quarry exposes a massive and coarse-grained, grey-green diorite, completely
enclosed within a granodiorite phase of the Shelbume Pluton (Figure 2.1). Poor exposure
obscures the maximum extent of the diorite and a ground magnetic survey (Appendix A-2) faiied
to reveal its shape or size; the geographic separation of known outcrops in the quarry suggests
that it must have a diameter greater than >100 m., Diorite typically shows an equigranuiar
intergrowth of randormiy oriented green amphibole, piagioclase, biatite, and pyrite up to 2 mm in
diameter (Figure 2.5a, b). Considerable grain size variation occurs in the quarry. To the west
(close to the contact with the Shelbume Pluton) the equigranular diorite coarsens and develops
randomily oriented hexagonal biotite and tabular K-feldspar macrocrysts up to 1 ¢cm in diameter.
At one locality, the diorite contains a medium-grained psammitic enclave approximately 2 m
long, surrounded by a 1 cm thick zone of chiiled dicrite (see Figure &1.3 in Appendix B).
Randomly oriented granitic dykes and pegmatites from the Shelbume Pluton commonly intrude

the diorite, and numerous itreguiar joints occur in both the diorite and its granitoid host.
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Figure 2.4. Plot of TiO,-SiO, after Rock (1990) for Attwoods Brook gabbronorite amphiboles.
Note the compositional continuum and the variable presence of opaque inclusions (circled data
points) in i:rystals with different compositions. The titanian amphiboles (Si <7.3) probeably
represent magmatic compositions and/or deuteric reaction products derived from clinopyroxene
breakdown, whereas crystals with Si >7.3 probably represent alteration products. Silica

classification scheme after Pe-Piper (1988).
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Figure 2.5. The field characteristics of Birchtown diorite. (a) A typical outcrop of diorite in the
Birchtown Quarry. View to the southwest, building for scale; (b) A close-up view of the diorite
showing the typical grey-green colouration imparted by amphibole, the irreqularly distributed
patches of feldspar, and the closely-spaced joints containing quartz-chiorite slickencrysts. Plan

view, lens cap 7 cm diameter.
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Quartz-chlorite slickencrysts indicate small amounts of relative movement along these

weaknesses after diorite intrusion (Figure 2.5b).

Petrography

Amphibole (45-52%; magnesio-hormnblende-actinolite), mildly pleochroic biotite (15-25%;
[Mag/(Mg+Fe)] = 0.6-0.7), tabular labradorite-andesine (18-28%; Ang,-An,;) and slightly strained
quartz biebs (1-12%), form the main modal constituents of the diorite. Regardless of its grain
size, all samples show inequigranular-subporphyritic textures and complex intergrowths between
amphibole and biotite (Figure 2.6). Textural criteria define two biotite populations. Light brown
(non-pleochroic) and dark brown (pleochroic) biotite euhedra oceur as 0.1-1.5 mm inclusions in
amphibole, as both isolated crystals at grain boundaries between amphibole and piagioclase,
and as randomly oriented hexagonal sheaves (appearing as hexagonal macrocrysts in hand
sample). Normally zoned amphiboles occur as panidiomorphic crystais up 0.3 mm that may
represent phenocrysts, or as subhedrai intergrowths and allotriomorphic rims associated with the
hexagonal biotite clusters. Normally zoned, hypidiomorphic plagioclase occurs interstitially with
allotiiomorphic blebs of slightly subgrained quartz and allotriomorphic K-feldspar (0.1-1%),
except to the west where centimetric oikocrysts enclose biotite or amphibole and apparently
represent late-magmatic growth products. Pyrite blebs occur as inclusions within amphibole and
hiotite and they locally reach modal abundances of 1%. Panidiomorphic sphene, apatite, and
zircon inclusions up to 0.1 mm occur in all other mineral phases. Minor sericitization of
plagioclase cores, and chlorititization of amphibole and biotite may reflect deuteric rather than

secondary alteration.

Preliminary interpretations
Rogers (1984) considered this body a large xenolith similar to the Attwoods Brook

gabbronorite, but a recently exposed transitional contact with the Shelburne Pluton consists of

Y



33
Chapter 2

Figure 2.6. Photomicrograph showing the unusual texture of the Birchtown diorite. Note that
amphibole occurs both as euhedral prismatic crystals, as crystalline aggregates, and as
hypidiomorphic tangential rims on biotite. Biotite occurs as small, isolated single crystals and as
polycrystalline, pseudohexagonal clusters. Plagioclase and quartz occur interstitially. Field of view
14 mm, PPL.
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putative hybrid lithologies that confirm the synplutonic nature of this body (Chapter 3, Section
3.3). Diamond drilling in the 1940's penetrated grancdiorite of the Shelburne pluton below the
diorite at depths between 7 m and 23 m (Douglas, 1943), suggesting that the diorite has an
iregular but sheet-like morphology (Rogers, 1984). Diorite also contains similar amphibole
compositions to the Attwoods Brook gabbronorite; the amphiboles have Si (atomic) between 7.1
and 7.8 and span the magmatic-hydrothermal divide (Pe-Piper, 1988). Figure 2.7 chemically
discriminates the clustered biotites from their single crystal counterparts. Clustered grains
contain higher MgO and lower FeO relative to the single crystals. Three possibilities exist for the
formation of these structures: (1) early crystallized (more primitive) glomeroporphyritic mats; (2)
a magmatic reaction phenomenon resulting from the synplutonic intrusion of the diorite; or (3)
pseudomorphs after a ferromagnesian precursor replaced during deuteric alteration. Chemicali
and textural criteria cannot distinguish between these hypotheses, although the hexagonal
cluster morphology tentatively suggests a garnet precursor for them, Garnet occurs as a high

pressure phenocryst in some exotic diorites (Green and Ringwood, 1968a).

2-2.3. Lamprophyre at Forbes Point, Fort Mouton

Field relations

A coarse-grained, olive-green synplutonic iamprophyre dyke crops out in the Port
Mouton Pluton at Forbes Point (Figure 2.1). The dyke ranges in thickness from 7 m at the base
of the outcrop to 3 m at the top, and it has an arcuate attitude (Figure 2.8). Ground magnetic
data (Appendix A-2) faiied to trace the body along strike, suggesting that it is laterally
discontinuous. Internally, the dyke consists of heterogeneous lamprophyre with variably coarse
grain sizes up to 6 mm. lrregular pegmatitic veins, stringers, and patches, contain chaotically
oriented amphibole and plagioclase phenocrysts up to 1 cm long situated in a matrix of
intergrown amphibole and hiotite up to 8 mm in diameter. These structures locally disrupt the

chilled margins at the contact with the Port Mouton Pluton (Figure 2.9) and they appear to be
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Figure 2.7. MgO-FeO-TiO, compositional discrimination of the single grain and clustered biotites

in the Birchtown diorite. Clustered biotite crystals contain higher MgO and lower FeOQ than single

grains and they, therefore, have more primitive compositions.
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Figure 2.8. The Forbes Point dyke cropping out within the Port Mouton Pluton. Note the unusual

. Ny | ";
2 v & = " "
g, ?'? ! iy @%
*

-

arcuate attitude of the dyke and the enclave of feldspathic lamprophyre at its centre. View to the
northwest, figure approximately 1.8 m tall.
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late-stage fractionates. A 1.5 m diameter enclave of medium-grained, equigranular feldspathic
lamprophyre has a sharp contact with the dyke, and it is emphasized by three aphyric chilled

margins oriented concentric to the contact surface.

Petrography

Forbes Point lamprophyre has a seriate-subporphyritic texture and consists of
hypidiomorphic green amphibole (40%; magnesio hastingsite-actinolite), weakly pleochroic and
rutilated biotite (37%; [Mg/(Mg+Fe)] = 0.7), and hypidiomorphic, patchily zoned andesine (18%)
up to 8 mm in diameter, with interstitial quartz bilebs (3%), minor K-feldspar (2%), and accessory
ilmenite and chalcopyrite (Figure 2.10). Pervasive aiteration results in the internal aggregation of
amphiboles and the replacement of primary textures by mats of chlorite, biotite, epidote,
prehnite, and sericite. Coarse pegmatitic material contains randomly distributed actinolite,

andesine, and minor quartz, with abundant sphene and apatite inclusions.

Preliminary interpretations

The melanocratic yet hydrous mineralogy (amphibole>biotite), the porphyritic
characteristics, and the presence of modal quartz, identify the Forbes Point body as a spessartite
lamprophyre (Streckeisen, 1979). Although it lacks the primary magmatic carbonates that
commonly occur in lamprophyres (Rock, 1990), the predominantly hydrous minerai assemblage
and the common pegmatitic segregations indicate the volatile-rich nature of the parent magma
and suggest a deuteric origin for the alteration. The Forbes Point body exhibits strikingly similar
mineral compositions and textural characteristics to the Birchtown diorite, and it also shares
textural and modal similarities with the vaugnerites (synplutonic kersantites and spessartites)

described by Sabatier (1991).
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Figure 2.9. Late-magmatic lamprophyric pegmatite veins and stringers disrupting the

lamprophyre-tonalite contact at Forbes Point. View to the northwest, lens cap 7 cm diameter,

38
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Figure 2.10. Photomicrograph of the coarse-grained and inequigranular intergrowth of amphibole
and biotite in the Forbes Point lamprophyre. Biotite ocours as both light brown and orange brown
crystals, and amphibole shows internal aggregation that results from partial deuteric alteration to

prehnite and clays. Quartz and feldspar occur interstitially. Field of view 6 mm, XPL.
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2-2.4. Lamprophyre at Mcleods Cove, Port Mouton

Field relations

A second synplutonic occurrence of olive-green lamprophyre crops out within the Port
Mouton Pluton at Mcleods Cove (Figure 2.1). The Mcleods Cove body represents a
medium-grained, subhorizontal sheet approximately 80 m long and at least 2 m thick (with an
erosional upper surface). 1t dips to the southwest at approximately 45° (Figure 2.11). Metric
"pillows” with lamprophyric compositions mark the lower contact of the sheet with the Port
Mouton pluton. This body appears mineralogically identical to the occurrence at Forbes Point but
it has finer grain size (Douma, 1988) and shows an equigranular texture. A steeply dipping
foliation transects the contact with the granitoid host at a high angle, and it paralleis the
magmatic foliation in the host granitoid (Douma, 1988). Feldspathic patches and stringers with

gradational contacts probably represent late-magmatic lamprophyre fractionates.

Petrography

Mcleods Cove lamprophyre contains an identical modal assemblage to the Forbes Point
dyke. Panidiomorphic-hypidiomorphic (equant) green amphibole (29-40%; actinolitic
homblende-actinolite) is iocally intergrown with botli strongly aligned light brown biotite and dark
brown biotite (41-52%; [Mg/(Mg+Fe)] = 0.6-0.7) to form a seriate and inequigranular framework
with 1.2-3.0 mm grain size (Figure 2.12). Oligoclase-andesine (3-14%; An,;-An,,) up to 2.5 mm
in diameter shows patchy zoning, and it occurs only interstitially between the mafic mineral
phases with hypidiomorphic-aliotriomorphic K-feldspar (3%) and quartz (3-7%). Accessory
minerals include unusually high concentrations of equant sphene (up to 2%), with abundant
apatite, ilmenite, rutile, zircon, and chalcopyrite inclusions in all mineral phases. limenite at least
partly resuits from biotite alteration, which probably occurred with deuteric albitization of the

feldspars.
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Figure 2.11. The Mcleods Cove synplutonic lamprophyre sheet in the Port Mouton Pluton. Note
the erosional upper surface of the lampronhyre and the characteristic olive-green colouration.
The basal surface (at the base of the notebook) consists of ovoid, metric "pillows" of

lamprophyre in the tonalite. View to the north, notebook 20 cm long.
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Figure 2.12. Photomicrograph of the equigranular texture of lamprophyre at Mcleods Cove. This
lithology has a similar modal mineral assemblage to the Forbes Point body (Figure 2.10), hut it

has a finer grain size and contains more abundant feldspars and quartz. Field of view 7 mm, XPL..
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Preliminary interpretations

The pillowed and crenulate contact with the host tonalite (considered in Section 3.2 of
Chapter 3) and the magmatic foliation imparted by its host tonalite, constrain this body as 2
synpiutonic intrusion. Compared to the Forbes Point dyke, lamprophyre at Mcleods Cove
contains biotite as the most abundant modal constituent, and it, therefore, shows transitional
kersantite-spessartite characteristics (Rock, 1987). Manifestations of alteration similar to those in
the Forbes Point dyke (chlorite, sericite and muscovite after amphibole, biotite, and plagioclase)

probably also occurred under deuteric conditions.

2-2.5. Picrite at Mersey Point, Liverpool

Field relations

A black (ginger-brown weathering) plug of massive, coarse-grained picrite approximately
300 m wide intrudes the Goidenville Formation along the coast south of Liverpool (Figure 2.1).
Beach boulders obscure all intrusive contacts with the Meguma Group, but a ground magnetic
survey indicates that it has steeply dipping contact surfaces that truncate regional fold trends in
the Geldenville Formation. Aeromagnetic data (Geclogical Survey of Canada, 1986) suggest
that the picrite has a plug-like nature. Known otttcrops occur only at the centre of the body and
thiey expose a horizontai section through the intrusion with little vertical relief. The picrite has
peorly develcped columnar cooling joints, and it consists of randomly-oriented olivine and
pyrexene, willt minor amphibole, plagiociase up to 5§ mm, and euhedral macrocrysts of biotite up
to 1 cm in diameter. Little grain size variation occurs horizontally over the outcrop, but vertical
joint surfaces commonly display 1-3 cm thick rhythmic layers enriched in plagiociase (Figure
2.13). At least four subanguiar granitic and gamet-bearing metapelitic enclaves, between 3 and 8
cm in diameter, oceur in the picrite and they have thin epidote haloes at their contacts that

probably result from a magmatic reaction. A lithologically similar glacial erratic exposed on the
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Figure 2.13. A typical vertical cross-section through the Mersey Point picrite showing
subhorizontal, centimetric phase layering. Most layers have leucocratic colourations because
they contain abundant cumulus plagioclase. Note the ginger-brown weathering characteristic

that is typical of the LDMIs. View to the southeast, lens cap 7 cm diameter.
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beach north of Moose Harbour (see Figure B1.5 in Appendix B) exhibits 10-20 cm thick
pyroxene and plagioclase-rich and olivine-rich cumulate horizons with undulose and diffuse

boundaries and distinct grain sizes (Figure 2.14).

Petrography

The Mersey Point picrite consists of an inequigranular intergrowth of randomly-oriented
olivine, clino- and orthopyroxene, amphibole, plagiociase, biotite, and opaques that range in size
from 0.1-10 mm (Figure 2.15). Hypidiomorphic magnesian olivine (Fo,,) ranges in size from
0.3-3.0 mm (25-34%) and it may show glomeroporphyritic tendencies.
Hypidiomorphic-allotriomorphic augite (5-10%; Wo,,En.Fs,) and colourless hypidiomorphic
hypersthene (3-4%; EngFs,,) occur either as small nuclei within olivine, or as ophitic crystals
(0.4-3 mm in diameter) rimmed by light brown poikilitic amphibole subhedra (21-35%;
magnesio-hastingsite to actinolite) and brown phlogopite (~8%; [Mg/(Fe+Mg)] = 0.8-0.9)
oikocrysts up to 1 cm in diameter. Plagiociase (17-28%) occurs both as tabular phenocrysts
(Ang,) and as hypidomorphic interstitial pore fillings (An,,;) between olivine and clinopyroxene.
Pyrite, chalcopyrite, chrome-spinel, and accessory apatite (0.6-1.2%) occur both as inclusions
within all anhydrous mineral phases, and as isolated groundmass constituents. Deuteric or
secondary alteration manifests as minor serpentinization of olivine or sericitization of
plagioclase, and as chiorite, epidote, or biotite rims developed on all ferromagnesi.an mineral

phases (<0.1%).

Preliminary interpretations

Quatemary glaciation probably derived the isolated beach boulder at Moose Harbour
from the Mersey Point picrite at some height above the curmrent level of exposure. Alithough in
situ material does not display such obvious cumulate characteristics, the lack of textural or

modal variation along strike, and the weak centimetric phase layering, suggests that some modal
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Figure 2.14. The glacial erratic boulder of Mersey Point picrite exposed on the beach at Moose
Harhiour (Figure B1.5 in Appendix B). Note the irregutar but sharp contact between the lower

dunitic and upper peridotitic layer. View to the north, lens cap 7 cm diameter.
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Figure 2.15. Photomicrograph showing the coarse-grained mesocumulate texture of the MePsey
Point picrite. Cumulus olivine, orthopyroxene, and clinopyroxene sit in a groundmass of
panidiomorphic clinopyroxene, plagioclase, and deuteric amphibole and phicgopite (extinct

interstitial grains). Field of view © mm, XPL.
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accumulation occurred. The weak mesccumulate textura in thin section indicates that early
crystallized olivine, hypersthene, and minor plagioclase accumulated, although olivine alone
never crystallized as an intercumulus phase. Oikocrystic and interstitial amphiboles and
phiogopites probably formed late from trapped intercumulus magma, rather than during
alteration as Elias (1986) suggested. Thermometry based on tetrahedral Al in amphibole
suggests that they formed under late-magmatic conditions above 800°C (Page and Zientek,
1987), probably with phiogopite and deuteric chiorite and epidote. Both field and mineralogical
information suggest that the Mersey Point picrite preserves a former magma chamber, and the
presence of granitoid and high-grade metasedirnentary xenoliths indicates that the mafic parent

magma encountered and interacted with solid country rocks en route to the cuirent emplacement

level.
2-2.6. Altered Diorite Dykes at the Ovens Natural Park
Field relations

Four grey, fine-grained porphyritic dykes occur along the shore in the Ovens Natural
Park, where they intrude the steeply plunging hinge of the Ovens anticline (Hall, 1979; Figure
2.1). All dykes range in width from 0.75 to 3.2 m and they strike northeast with vertical attitudes
(Figure 2.16). Most bodies weather preferentially and consist of medium to coarse-grained,
tabular plagioclase phenocrysts set in a fine-grained (1 mm) groundmass. The smallest dykes
show weak alignments of elongate feldspar phenocrysts parallel to the dyke margins, they have
weakly developed centimetric chilled margins, and they commonly finger out along strike. All
dykes preserve well-developed cooling joints oriented perpendicular to the dyke margins, and a
small fault ofisets the largest dyke. Despite their superficial siil-like appearaices, the dyke
contacts locally cut across bedding in the Halifax Formation, and a traverse across the smail
peninsula in the park suggests that they discordantly intersect regional bedding at an acute angle

(Hall, 1979).
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Figure 2.16. A steeply dipping, leucocratic diorite dyke exposed at the Ovens. Below the figure,
the body shows local discordance to regional fold trends in the Halifax Formation. The rusty

colouration resuits from pyrite weathering. View to the southwest, figure 1.8 m tall.
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Petrography “

All Ovens dykes have similar textures and feldspar-phyric mineral assemblages that
consist of 0.1-0.8 mm diameter panidiomorphic phenocrysts of randomly oriented-weakly aligned
albite (8%, An.,)), K-feldspar (9%), and subsidiary sphene patches (6%) embedded in an altered
felsitic groundmass consisting largely of randomly oriented plagioclase, euhedral pyrite,
secondary chlorite, and quartz (Figure 2.17). The propylitic groundmass accounts for at least
609 of the total dyke volume, and no indications of internal deformation occur. Plagioclase and
(rare) K-feldspar phenocrysts show random distribution and some examples show
glomeroporphyritic tendencies and swallowtail terminations that indicate rapid crystallization.
Calcite and sphene crystals (circa 0.5 mm) completely pseudomorph the former mafic
phenacrysts, but they retain the original euhedral morphologies of amphibole and clinopyroxens
(Figure 2.17). Calcite currently accounts for at least 14% of the rock by volume, and its presence

precludes determination of the original mafic modes for these rocks.

Preliminary interpretations

Despite advanced propylitic alteration, the Ovens dykes preserve their original mafic
igneous microtextures, although carbonates replaced the mafic phenocrysts and albite forms
pseudomorphs of the original feldspars. Modal classification of these rocks is not feasible, but
the original abundance of amphibole and clinopyroxene was probably greater than 25%; the
dykes had more mafic compositions before alteration. Despite their porphyritic nature, no modal
constituents occur both as groundmass and phenocryst phases, and these rocks have few
lamprophyric characteristics (Streckeisen, 1979; Rock, 1987). Their discordant nature and lack of
tectonic strain suggests that the dykes intruded after folding in the Halifax Formation, aithough
regional fold trends apparently influenced the dyke intrusion trajectories. Carbonation and
chloritization occurred after intrusion, probably in response to interaction of the hot dykes with

circulating groundwaters. The abundance of syntectonic and post-tectonic auriferous quariz
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Figure 2.17. Photomicrograph showing the mafic microtextures preserved in the Ovens dykes.
Note the tabular relict plagioclases replaced by albite, and the calcareous and felsitic
groundmass containing chlorite, muscovite, and lozenge-shaped sphene (mostly extinct)

alterations products. Field of view 4 mm, XPL.
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veins throughout the Ovens anticline (N. Cuishaw, pers. comm., 1993) suggests that
mineralizing fluids caused this alteration. If the Qvens dykes intruded late in the deformation,

fluid-rack interaction possibly occurred socn after emplacement.

2-2.7. Weekend Dyke Lamprophyres Along the Eastern Shore

Field relations

The Weekend dykes constitute a small "swarm" of 10 north-riorthwesterly oriented,
subvertical lamprophyres exposed along ‘the Eastemn Shore (Figure 2.18). All dykes have similar
appearances and they show intrusive features typical of lamprophyres (Rock, 1990; Tate and
Clarke, 1993; Table 2.2). Their consistent orientations and macroscopic features suggest that
they represent a related lithologic subset of the LDMI suite and individual dykes fall into two size
categories. The narrowest dykes at Borgles Island, Littie Harhour coast, and Devils Island have
ginger-brown weathering characteristics, they range in width from 0.01-1 m, and they display
sharp and discordant contacts approximately perpendicular to regional east-northeast trending
folds in the Goldenville Formation (Figure 2.19a). Narrow dykes also have fine-grained
porphyritic textures that result from chilling, and they finger out or show intrusive kinks and
offsets along strike. At Borgles Island, three narrow dykes occupy late-Acadian,
northwesterly-oriented shear fractures (O'Brien, 1983) that presumably represent the magma
conduits (Figure 2.19b, c). The Devils island dyke shows strong propylitic alteration similar to the
Ovens dykes.

Wide dykes at Sober Island, Popes Harbour, Pleasant Harbour, Little Harbour road, and
East Jeddore range in width from 12-15 m (Figure 2.19d), they have melanocratic appearances
and either resist weathering (at Sober Island and Pleasant Harbour), or weather preferentially (at
Popes Harbour). All examples show medium-coarse grained, porphyritic textures and have
fine-grained chilled margins that form approximately 10% of the total dyke width. Contacts with

the Meguma Group appear straight over tens of metres, and contact metamorphism within the
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Figure 2.18, Geological map of the Eastern Shore indicating the locations of the currently

recognized Weekend dykes. 1 = Devils Island, 2 = East Jeddore, 3 = Little Harbour road, 4 =

Little Harbour coast, 5, 8, 7 = Borgles Island dykes, 8 = Pleasant Harbour, 9 = Popes Harbour,

10 = Sober Island. NB = New Brunswick, NS = Nova Scotia, PEI

Prince Edwand Island, CCF =
Cobequid-Chedabucto Fault, MB = Musquodoboit Batholith, LC = Liscomb Complex
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Table 2.2. Macroscopic characteristics and modal mineralogy of the currently recognized Weekend dykes.

Fig.
2.18 Alternative Intrusive  Globular  Multiple
No. Location name Width (m) Strike (°®) Dip Xenoliths  offsets  structures intrusion Mode
1 Devils - <1 130 90 No No No No -
Isiand
2 East - 12.2-13.7 160 90 Rare No No No Pl Cpx, ; Kfs, g Hbl,5, Qtz,
Jeddore Caly Epyg Opqg, Chi,g
3 Littie - 11.9-14.6 156 85NE No No No No Plg, Cpx, s Kfs, ; Hbl;, s Qtz,,
Harbour Cal,, Ep,,0pq,, Chl,,
road
4 Littie - <1 153 90 No Yes No No CpX,,6 OPpqgo Chly g
Harbour
coast
5,6,7 Borgles Charles <1 161 90 No Yes No No Cpx;;, Opq,,5 Chlyg
island island*
8 Pieasant Tufflsland 12.0-13.1 163 80NE Yes No Yes No Pl , Cpx,, Kfs,, Hbl,,; QtZ;,
Harbour Cal,, Ep,;QOpq,, Chl,,
9 Popes Tangier®  12.0-15.1 150 86NE Yes No Yes Yes Pl s Cpx,; Kfs, sHbl,, ; Bt, 4
Harbour Qtz, ; Caly; Ep,; OpPq,s Chl,,
10 Sober - 13.0-14.7 162 89NE No No Yes Yes Pl,.o Cpx, s Kfs,, Hbl,;, Qtz,
istand Cal,, Ep,, Opq,; Chlyg

Z Jeidey

Modified and updated after Ruffman and Greenough (1990). * = Ruffman and Greenough (1980); ® = Giles and Chatterjee (1987). See Table 2.1 for the
point counting strategy and mineral abbreviations. Note that the highly altered Deviis Island dyke preserves little primary mineralogy, and greundmass

phases within the Little Harbour coast and Borgles Island dykes are too fine grained to determine manually.

14°
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Figure 2.19. The intrusive characteristics of the Weekend dyke spessartites. (a) A narrow
Weekend dyke exposed on Borgles Island. Note the abrupt intrusive offset and its typical
ginger-brown weathering characteristics. View to the southeast, lens cap 7 cm diameter; (b) The
fracture occupied by the above Weekend dyke. Narrow dykes commonly finger and pinch out
along strike at the cuirent exposure level. View to the southeast, bag approximately 60 c¢cm long;
(c) Plan view of the fracture depicted above. The small offset suggests that fracture morphology
controlied dyke intrusion and caused intrusive offsets in the smail dykes. The perpendicular
dextral sigmoids identify the fractures as transtensional brittle-ductile shears recognized by
(O'Brien, 1983); (d) The 12 m wide Pleasant Harbour dyke exposed at the southeastern end of
Tuff Isiand (Figure B1.9 in Appendix B-1). This body is typical of wide Weekend dykes. View to
the southeast; (e) Autobrecciation of consolidated lamprophyre by late-magmatic fluids at the
centre of the Pleasant Harbour dyke. View to the southeast, red package 10 cm long; (f)
Panoramic view of the widest Weekend dyke at Popes Harbour. Note the prominent outer chiilled
margins (behind the figure) and the preferentially weathered central zone that contains high
concentrations of exotic lower crustal xenoliths. View to the southeast, boat approximately 4.2 m
long; (g) Small, subrounded metawacke and metaarenite xenoliths in the Pleasant Harbour dyke.
Note the bleached reaction zones(?) rimring dark xenoliths. Plan view, red package 10 cm long;
(h) High concentrations of large crustal xenoliths within the central zone of the Popes Harbour

dyke. View to the southeast, hammer shaft 1 m long.
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Figure 2.19. The intrusive characieristics of the Weekend dyke spessartites.
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country rocks occurs as insignificant bieaching and annealing of tectonic cleavages immediately
adjacent to the dyke margins. The Sober Island and Pleasant Harbour dykes occur proximalily to
en echelon 20-70 cm companion dykelets that presumably represent small, upwardly penetrating
fingers of dyke material that connect to the main dyke at depth. The Pleasant Harbour and
Popes Harbour dykes contair wregular pods and stringers of fractionated, feldspathic
lamprophyre, and late-stage maobilization of this material caused autobrecciation at the centre of
the Pleasant Harbour dyke (Figure 2.19¢). The anomalous Popes Harbour dyke represents a
composite body, comprising two outer chill zones approximately 1-2 m wide and separated from
a 10-12 m inner zone of xenolit.hic lamprophyre by a prominrent contact (Figure 2.19f). Up to 30%
exotic metabasite and metapelitic xenoliths and xenocrysts of lower crustai derivation (Giles and
Chatterjee, 1987; Owen et ai., 1988) accur in the dykes at Popes Harbour and Pleasant Harbour
(Figure 2.19g, h), and the chilled margins contain ovoid, 1 cm diameter quartz-orthoclase-calcite

-epidote-pyrite felsic globular structures.

Petrography

Fine-grained, narrow dykes from the coast at Littlte Harbour and Borgles Island contain
elongate, panidiomorphic-hypidiomarphic glomerocrysts of augite or diopside (approximately
20%; Wo,, ,En,, ,sFS;.4), up to 1 mm in length, embedded within an intergranular matrix of
piagioclase that poikiliticaily encloses abundant microscopic magnetite, chrome-spinel, and
brown amphibole nuclei (Table 2.2; Figure 2.20a). Calcite and chlorite pseudomorph
clinopyroxene phenocrysts within the Devils island dyke, although the groundmass felaspar and
typical lamprophyre textures remain intact and they provide the basis for its inclusion with the
Weekend dykes (Perring et al. 1989). In contrast, medium-coarse grained Weekend dykes show
crudely aligned, panidiomorphic-hypidiomorphic phenocrysts of normally zoned, elongate brown
amphibole (29-51%; magnesio-homblende, tschermakite, magnesio-hastingsite, and ferroan

pargasite) and diopside (0.5-13%; Table 2.2; Figure 2.20b). Rare, ovoid chloiite mats enclosing
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Figure 2.20. Photomicrographs showing the textures of narrow and wide Weekend dykes. (a)

Panidiomorphic-hypidiomorphic augite phenocrysts in a chilled matrix consisting of plagioclase,
minor amphibole, and magnetite nuclei within the narrow Little Harbour road dyke. Field of view
5.5 mm, PPL; (b) Elongate and seriate amphibole phenocrysts in the typical panidiomorphic
coarse-grained texture of the Sober Island dyke. The matrix consists of randomly oriented
amphibole (with abundant simple twinning) and ninor diopside, plagioclase, quartz, K-feldspar

and epidote. Chlorite replaces some acicular amphiboles. Field of view 4 mm, XPL.
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chrome-spinel within the Popes Harbour, Sober Island, and Little Harbour road dykes may
indicate the previous presence of olivine. Normaily zoned plagioclase laths (36-53%; An,g-Any)
range in size from 0.2 to 1 mm, and they occur only in the groundmass where they nucleated
with equant amphib‘ole, clinopyroxene, quartz (0,7-9%) and K-feldspar (2-15%). Biotite (17%;
[Mg/(Mg+Fe)] = 0.6) occurs in the central zone of the Popes Harbour dyke, where it represents a
phenocryst phase that apparently precipitated partly at the expense of amphibole (9%). Deuteric
patches of anhedral calcite, epidote, and chiorite (~5%), coalesce to form pseudomorphs after
plagioclase and amphibole phenocrysts at the centres of large Weekend dykes (Kempster,

1988), and the accessory minerals include rutile, perovskite, and sphene.

Preliminary interpretations

Panidiomorphic-hypidiomorphic textures and high modal abundances of deuteric caicite,
epidote, and chiorite are diagnostic of lamprophyres (Rock, 1890). The occurrence of augite,
diopside, and homblende as the mafic phenocryst phases, and plagioclase as the dominant
groundmass feldspar, confirm the spessartite [amprophyre classification for the Weekend dykes
(Streckeisen, 1879). Also, the preserice of biotite in the Popes Harbour dyke imparts kersantitic
characteristics similar to those of the Forbes Point and Mcleods Cove lamprophyres. Tate and
Clarke (1993) recognized the absence of contact metamorphism, the development of felsic
globular structures, and the elonigate amphibole habits with weak zoning, all of which suggest
rapid emplacement and cooling. This rapid undercooling in the nammow dykes probably preserves
the early anhydrous crystallizing assemblage. The importance of amphibole over clinopyroxene
in all the larger (presumably slower cooled) dykes, suggests that increased volatile exsolution
occurred in the lamprophyric magma, probably resulting from decompression during dyke
empiacement (Cooper 1979). Silica (atomic) concentrations between 6.9 and 7.2 in amphibole
suggest that they crystallized from intratelluric mafic magmas (Pe-Piper 1988) and wide

compositional zoning in plagiociases also suggests a predominant mafic magma containing
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volatiles rather than,the purely voiatile medium that Rock (1990) considered plausible for
lamprophyres. The smallest Weekend dykes intrude Acadian crustal extensional weaknesses

("shear joints"), and the larger dykes and other LDMIs may also mimic this intrusive behaviour,

2-2.8. Gabbro-Diorite at Ten Mile Lake and Bog Island Lake, Liscomb Complex

Field relations

Two black-brown gabbro-diorite plutons crop out in spatial association with high-grade
gneisses and peraluminous granitoid plutons in the Liscomb Complex (Figure 2.1). The circa 9
km? Ten Mile Lake intrusion discordantly cuts an east-west trending magnetic signature in the
Halifax Formation, whereas the smaller (circa 4 km?) Bog Island Lake body intrudes the Liscomb
gneisses (Clarke et al., 1993a). Regional gravity studies identify no positive ancmalies
associated with either intrusion and suggest that either they form thin sheets or that an extensive
volume of granite underlies them (Ryall, 1990). The contacts between the gabbro-diorites and
their country rocks do not crop out, but the Ten Mile lake body caused localized anatexis in the
adjacent Halifax pelites and a granitoid dyke intrudes it (Clarke et al., 1993a). Both intrusions
have coarse grain sizes and inequigranular textures; they also contain miarolitic cavities and
patches of late-magmatic felsic fractionates. The Ten Mile Lake intrusion contains abundant
enclaves of Liscomb gneiss, gabbro, and exotic lower crustal material (Chatterjee et al., 1989),
whereas the Bog Island Lake intrusion contains pradominantly feldspar-phyric cumulate enclaves

(Clarke et al., 1993a).

Petrography

The Ten Mile Lake body contains porphyritic clusters of amphibole and clinopyroxene
set in a plagiociase-rich inequigranular matrix containing biotite, minor chlorite, and accessory
spinel, apatite, sphene, and pyrite (Clarke et al., 1993a). Although the Bog island Lake intrusion

contains similar mineral phases, it shows a plagioctase-dominant mode with a cumulate texture,
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and contains primary magmatic(?) gamet. All minerals show strong normal zoning and both
intrusions contain amphiboles with complex microtextural relationships. Amphiboles show
extreme compositional variation between primary magmatic kaersutite, cummingtonite,
pargasite, and subsolidus magnesio-homblende and actinolite overgrowths (Chétter]'ee et al,,

1989).

Preliminary interpretations

The Ten Mile Lake and Bog Island Lake gabbro-diorites have the coarse-grained,
equigranular textures and the variable accessory mineral assembiages that typify the LDMIs.
Amphibole compositional variation in both bodies may be analogous to the complex
microtextural assemblages preserved in the Attwoods Brook gabbronorite; perhaps the presence
of garnet at Bog island lake also supports its former presence in the Birchtown diorite. Their
hiydrous mineral assemblages and miarolitic cavities imply a strongly hydrous parent magma
(Clarke et al., 1993a), and amphibole formation at approximately 8 Kbar (circa 25 km depth)
(Chatterjee et al., 1989) suggests that volatile saturation occurred early, during the ascent of the

parent magmas through the crust.

2-2.9. The Characteristics of Late Devonian Mafic intrusions

LOMis in the MZ all crop out as volumstrically minor dykes, plugs, or synpltonic bodies
with gabbroic, dioritic, or lamprophyric natures. Compared to the Ordovician and Silurian mafic
intrusions, the LDM!s have discordant intrusive relationships with the Meguma Group or their
spatial asscociations with the Late Devenian granitoids confirm the contemporaneity of -
mafic-felsic magmatism. Currently kncwn bodies generally have ginger-brown weathering
characteristics and coarse arain sizes, aithough they may shiow dramatic local variations in grain
size. They also show no obvious signs of deformation except for slight straining of quartz.

Compared to the Jurassic mafic intrusions, LDMIs have abundant magmatic and deuteric
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amphibole and/or biotite, with or without clinopyroxene and orthopyroxene. The textural and
mineralogical similarities of these rocks all indicate their derivation from hydrous magmas and
they strongly suggest a genetic relationship between them. The small sizes and preponderance
of currently recognized LDMIs to the well exposed coastal regions undoubtedly reflects the poor
exposure in the interior of southwestern Nova Scotia (<2%), and it suggests that unexposed

miafic bodiet may occur inland.,

2-3. Geochronology

2-3.1. Previous Geochronology

Previous geochronological studies in the MZ largely concentrated on the South Mountain
Batholiti: and the Meguma Group metagreywackes, but regional dating surveys also generated
ages for the LDMIs between 1966 and 1987, Published LDMI geochronology currently relies on
Rb-Sr, K-Ar, and “Ar/*°Ar iéotope systematics (Table 2.3). Ages determined for this study rely on
the “Ar-*Ar (homblende and phlogepite) and U-Pb (zircon) geochronometers and they take
advantage of the increased analytical accuracy achieved in geochronology over the last seven

years.

2-3.2. VArBAT Geocnronology

Introduction
Four 1.DMis at Attwoods Brook, Birchtown, Mersey Foint, and Little Harbour were
selected for “°Ar/°Ar dating. All analyses rely upon aigon systematics within calcic amphiboies
(K, O between 0.01 and 1.14 wt.%), except for a phiogopite analysis from the Mersey Point
- picrite. Appendix A-3 describes the sampie preparation, the mineral separates, and the analytical
procedures of the Dalhousie argon laboratory in detail, whereas Figure 2.21 summarizes the

argon results as conventional apparent age spectra with the ages determined from weighted



“

Table 2.3. Compilation of previously determined ages for the Late Devonian mafic intrusions.

rT Figure 2.1 number Location Body Age (Ma) Mineral Isctopic system Reference
1 Attwoods Brook - 362+18 Bt Rb/Sr 1
344 Bt COArSAr 2
372.3x2.7 Hbl SArPAr 2
252 Pl OArSAr 2
2 Birchtown - 350 Bt “ArfeAr 3
353 Bt KIAr 3
370 Bt OAr/SAr 2
371 Bt SArFAr 2
3 Forbes Point - 324 Hbl AT SAr 4
4 Mcleods Cove - 324 Hbl ®ArFAr 4
5 Mersey Point - 366+16 - K-Ar 5
362+22 Phi Rb/Sr 1
367.6+0.8 Phl OArOAr 6
6 Ovens - - - - -
7 Weekend dykes East Jeddore 3702 Hbl YA Ar 7,8
Sober Island 368+2 Hbl CArSAr 7,8
8 Liscomb complex Bog Island Lake 377.3%1.3 Bt “OArFeAr g 10, 11
Bog Island Lake 377 Bt VAT CAr 10, 11
Ten Mile Lake 372.8 Bt CArAr 9, 10, 11
Ten Mile Lake 368 Hbl CArAr 10, 11
Ten Mile Lake 370.3 Hbl “CArSAr 10, 11

Mineral abbreviations after Kretz (1983). Note that the Ovens dykes contain no primary igneous geochronometers. 1 = de Albuquerque (1879}, 2 =

Reynolds et al. (1987), 3 = Reynolds et al. (1983), 4 = Douma (1988), 5 = Wanless et al. (1986), 6 = Elias (1986), 7 = Kempster (1988), 8 = Kempster

' et al. (1989), 9 = Giles and Chatterjee (1987), 10 = Clarke et al. (1993a), 11 = Kontak and Reynolds (1994).
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Figure 2.24. The sample locations and “Ar-*Ar (apparent age vs. cumuiative % *Ar released) spectra for homblende and phiogopite in
Late Devonian mafic intrusions. Uncertainties for individual heating steps ars quoted at 15. The horizontal arrow siiows the plateau used
for the age calculation, the age calculated from a weighted average of the plateau steps, and the total gas age (in parentheses, quoted at

0.5%). The homiblende spectra also have the Ca/K release spectra calculated from the observed ¥Ar-Ar ratios with a vertical error bar that @

indicates the values determined independently by electron microprobe analysis.
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averages of contiguous plateau steps.

Attwoods Brook (homblende)

Stepwise argon release from Attwoods Brook amphibole produced a saddle-shaped
spectrum with extreme discordance. The earliest steps define a staircase geometry with ages
initiafly falling from 2258+41 Ma because of excess argon. At 33.4% of the total **Ar released,
the saddle reaches a minimum age of 41246 Ma over two steps representing 20% of the total
gas released. The Ca/K ratio (deduced from observed ¥Ar/°Ar values during irradiation) broadly
mirrors the “°Ar/*°Ar release spectrum, but it shows variability that implies the presence of
high-calcium and low-potassium lamellae within the analyzed grains. Independent petrographic
evidence suggests clinopyroxene to be this intergrown phase. Despite the discordance, Ca/K
values corresponding to the youngest portion of the saddle correlate with independent amphibole
microprobe analyses and its age may correspond to a geologically reasonable maximum age for

the Attwoods Brook body.

Birchtown (hommblende)

Bulk amphibole from the Birchtown diorite produced a saddle-shaped spectrum similar to
the Attwoods Brook resuits. Early argon ouigassing yields young (<300 Ma) ages, which rise to a
maximum of 425 Ma over the iirst 30% of the total *Ar released. The ages in subsequent steps
fail iregularly to a minimur of 37046 Ma over two sieps containing 14% of the total **Ar
released. The low-potassium content of the amphibeles within this sample (<0.85%) necessitates
a large correction for atmospheric argon that reduces the analytica! precision. The Ca/K ratio
vanies gradually throughout the spectrum, and although the values agree with independent
microprobe analyses, this variation suggests a complex intemai structure within the Birchtown
amphiboles that potentially controlled argon release. Low Ca/K ratios over the first two steps

(below 1800°C) prebably result from contamination by microscopic biotite intergrowths observed

"\
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in the separate that couid not be removed by crushing and hand picking. The high-age artifact at
64% of the **Ar released possibly results from *Ar redistribution (recoil) during sample irradiation

(McDougall and Harrison, 1988; P. Reyrolds pers. comm., 1993),

Mersey Point (hombiende and phlogopite)

Bulk arnphibole from the Mersey Point picrite generated a highly concordant piateau
spectrum. The initial low-age (217+43 Ma) step corresponds to only 0.5% *Ar released, but the
plateau age consists of four contiguous steps that yield an age of 366+1.7 Ma with 95%
confidence. Qutgassing helow 1025°C at lower Ca/K ratios indicates minor argon contributions
from a mare potassic phase than amphibole (possibly biotite), but the monotonous Ca/K ratio
over the plateau agrees with microprobe analyses of Mersey Point amphiboles. High
temperature (>1200°C) discordance over the last four steps occurs at higher Ca/K ratios, but it
does not change the age of the sample. A 364.6 Ma total gas age for this sample reflects
artificial lowering of the age because of the initial low age step.

Phlogopite produces similar concordant results. The spectrum shows a nearly contiguous
plateau over the entire range of temperatures for biotite release (700-1250°C) with only one
significant deviation from 95% confidence between 20 and 31% of the total **Ar released.
Despite this inflection (and irrespective of the number of steps included in the age calculation)
the plateau age of this sample remains identical to the amphibole age at 364+1.7 Ma, within
anaiytical uncertainty. As with amphibole, the insignificant first step (only 0.5% *Ar) influences
the 368.6 Ma total gas age for this sampie. Minor irregularities in the plateau possibly result from
minor chioritization observed in thin section, or they may resuit from isotope fractionation during

analysis (Lee, 1993).

Little Harbour (homblende)

Little Harbour amphibole produced a predominantly concordant release spectrum with
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marked disturbances before 10%, and after 80%, of the total **Ar released. The initial
discordance corresponds to temperatures below 1025°C, it occurs at [owered Ca/K ratios, and
yields a poorly defined age of 298+28 Ma. Considering the narrow width of the Little Harbour
dyke, this initial age gradient probably corresponds to slow cooling of the country rocks rather
than slow cooling of the intruded dyke. The concordant region of the spectrum consists of only
two large steps, but it corresponds to 82% of the total gas released and yields a plateau age of
37042 Ma. The Ca/K ratio over this region agrees with the observed amphibole compositions
within all Weekend dykes. High-temperature and high-age discordance occurs at the same
temperatures (>1150°C) as the phenomena observed within the Mersey Point amphibole
spectrum and it also corresponds to increasing Ca/K ratios. Perhaps this feature resuits from

structural breakdown of the amphiboles during step heating (Lee et al., 1991; Lee, 1993).

Discussion
Except for the discordant spectra from Attwoods Brook and Birchiown, the results of this

study compare favourably with previous “Ar/*Ar age determinations (Table 2.3):

(1) Birchtown and Attwoods Brook. The saddle-shaped spectra for both bodies appear similar to
thie partial Alleghanian thermal resetting artifacts in Meguma Group spectra decumented by
Muecke et al. (1988). Reynolds et al. (1987) generated two concordant biotite spectra from
Birchtown that give 370-371 Ma ages (Table 2.3), and a more concordant amphibole spectrum
from the Attwoods Brook gabbronorite (372 Ma) than this study achieved; these new data
possibly imply excess argon distributed iregularly throughout the Attwoods Brook and Birchtown
bodies, although the synplutonic intrusion of the gabbronorite into the Barrington Passage Piuton
(385 Ma; Reynolds et al., 1987) suggests a 385 Ma age. Figure 2.22 shows that the Attwoods
Brook sample contains “Ar/**Ar values over twice the atmospheric ratio of 296, and the isochron

~ age of 353+20 Ma is poorly constrained. The Birchtown diorite contains much less excess argon
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Figure 2.22. *Ar/“Ar-*Ar/°Ar isochron plots for disturbed hornblendes from the Late Devonian

mafic intrusions. (a) The Attwoods Brook gabbronorite; (b) The Birchtown diorite. Ali of the

data come from contiguous heating steps between 1025 and 1300°C that have Ca/K ratios

corresponding to independent microprobe analyses for the hornbilende grains.
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(“Ar/Ar ~350) and its isochron age of 38045 Ma represents the best estimate of the diorites
age, although it predates both the minimum age obtained from the release spectrum and the

previously determined plateau ages by at least § Ma.

(2) Mersey Poaint. Concordant amphibole and biotite ages appear approximately 2 Ma younger
than the 368 Ma phlogopite spectrum of Elias (1986). If geologically significant, this more precise
resuit suggests either that the Mersey Pcint picrite intruded slightly after 370 Ma, or that its
country rocks cooled below the argon blocking temperatures slightly after 370 Ma. The low ages
yielded from low temperature steps indicate some discordance that may result from late-stage
open system behaviour during either slow Acadian regional cooling or Alleghanian resetting

(Reynolds et al., 1987).

(3) Weekend dykes. The 370 Ma age for the Little Harbour dyke is identical to the recently
determined ages for the Sober Island and East Jeddore dykes (Kempster &t al., 1989) and if the
analysis represents an intrusion age, then it suggests that the Weekend dykes intruded during
one event. Lower ages for the initial steps in the Little Harbour dyke occur at similar
temperatures to the low age steps in the Mersey Paint spectra, and they may reflect an
Alleghanian overprint because Eastemn Shore rocks generally record less severe Acadian

thermat histories than those intruding southwesterly areas of the MZ (Muecke et al., 1988).

2-3.3. U-Pb Zircon Geochronc. ogy

U-Pb (zircon) dating overcomes the excess argon problems encountered in hornblende
from the Birchtown diorite. Appendix A-4 summarizes the sample preparation and analytical
procedures of the Royal Ontario Museum. Hand picking distinguishes three zircon morphologies
in the diorite: fractured equidimensional grains (fraction B8-1), slightly turbid acicular grains
(fraction B8-2), and clear acicular grains (fraction B8-3). Figure 2.23 shows the analyzed zircon

morphologies, Table 2.4 summarizes the analytical results, and Figure 2.24 is the resuiting
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Figure 2.23. Photographs showing the morphological differences between three zircon fractions
separated from the Birchtown diorite. (a) Fraction B8-1, dark brown, fractured, and equant zircons,
Magnification x25; (b) Fraction B8-2, dark brown, acicular and slightly fractured zircons.

Magnification x25; (c) Fraction B8-3, dark brown, acicular, and clear zircons. Magnification x25.



Table 2.4. U-Pb results for zircon fractions separated from the Birchtown diorite

Frac wit U Pb.s Pbe

No Description® (@)  (ppm)  (ppm) (ppm) DEpp28ye A7ppASYd WIpLWSppe  XSpp 238 ) WIPLA8 ) WTPLR%PL g

B8-1 ZmOMEBAbr 71 234604 14043 18 00590417 0 44092+65 0 0541643 369 79 3709 377 81 218
(43)

B82 Zm,0OMN,LAbr 68 15149 09106 765 005927+8 044203+116 0 05409+12 371.2 37168 3747 098
(75)

B8-3 Zm,ONMN,B(25) 48 19838 12305 019 005912¢9 0 44121+71 0 054132 370 24 3711 376 48 17

*Minera! analyzed (mineral abbreviations after Kretz, 1983), Magnetic susceptibility (OM = Final Frantz magnetic fraction at 0 degree side tilt, ONM =
Final Frantz non-magnetic fraction at 0 degree side tilt, M1 OA = initial Frantz 1 0A magnetic fraction (Krogh, 1981a, Morphology (E = equant, N =
acicular needle), Colour (B = Brown, L = Light Brown, R = Red, Y = Yellow); Abr = Abraston (Krogh, 1981b), The number in parentheses denotes the
number of grains analyzed "Atomic ratios corrected for blank (Pb = 2 pg, U = 0 5 pg), analytical mass fractionation, and iutial common Pb calculated

using the model of Stacey and Kramers (1975) Pb,, = radiogenic lead, Pb_,, = common lead
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Figure 2.24. U-Pb concordia plot for zircon fractions separated from the Birchtown diorite.

Sample numbers in italics, see Table 2.4 for the analytical data.
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concordia diagram. The analyzed grains all have dark brown colours, vé‘ry high U contents
(1515-2346 ppm), and predominantly low common Pb (0.19-7.65 ppm). They also have similar
ages (370-372) and they underwent a recent lead loss that produced 1.0-2.0% discordance in the
analyses. The three fractions, therefore, lie along a single discordia line (with 35% confidence of
fit) that intersects concordia at 0 Ma and provides an upper intercept age for the samples of
376+2 Ma. This age represents the best estimate of the intrusion age for the Birchtown diorite,

and it agrees with the “°Ar/**Ar isochron age for this body.

2-3.4. Geochronological Conclusions

New data for this study provide a range of Late Devonian ages between 366 and 412 Ma
for the LDMIs. The analyses agree with, but show iess variation than, the previously published
““Ar/®Ar analyses, which provide ages between 324 Ma and 377 Ma. If the new data all record
the time of intrusion, then they require that LDMI emplacement occurred over a circa 46 Ma
interval and they do not suggest a related lithclogic suite. However, Douma (1988) interpreted
the low age spectra (circa 324 Ma) from the Forbes Point and Mcleods Cove amphiboles as
reset Alleghanian ages, and P.H. Reynolds (pers. comm., 1994; Reynolds et al., 1987)
suggested that all “’Ar/**Ar ages below 370 Ma reflect either partial Alleghanian resetting or slow
regional cooling after the Acadian Orogeny. Micas from the LMDis in southwestern Nova Scotia
show ages younger than 370 Ma (Tabie 2.3), and the circa 376 Ma U-Pb age for the Birchtown
diorite does imply that both the amphibole and biotite data for this body (circa 370 Ma) record
cooling rather than intrusion. Also, the saddle-shaped Attwoods Brook and Birchtown spectra
suggest Alleghanian overprinting in these intrusions (Muecke et al., 1988). Perhaps all of the
circa 370 Ma (amphibole and biotite) ages for LDMIs emplaced into southwestern parts of the
MZ reflect slow cooling after amphibolite grade metamorphism that occurs abundantly southwest
of the South Mountain Batholith, in sorne cases combined with an Alleghanian overprint (Figure

1.3 in Chapter 1; Elias, 1986; Muecke et al., 1988).
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Currently available geochronology suggests two possibilities for the intrusion of the
LDMis: (1) slow Acadian cooling and/or Alleghanian tectonothermal resetting at least partially
affect all “Ar°Ar (hombiende and biotite) data, and so the circa 375 Ma Birchtown U-Pb
analysis accurately 'reﬂects the intrusion of mafic magmas; or (2) tectonothermal events do not
appreciably alter the “Ar/°Ar data. This study favours the first hypothesis for mafic intrusions in
southwestem Nova Scotia, and the second hypothesis for the Liscomb Complex gabbro-diorites
and the Weekend dykes exposed along the eastern shore; the LDMIs probably intruded the
Meguma crust between circa 380 and circa 370 Ma. Given that accepted intrusion ages for the
peraluminous granitoids indicate tonalite emplacement at 385-378 Ma and the intrusion of more
evolved lithologies in the SMB and Canso plutons at 3723 Ma (Hill, 1991; Clarke et al., 1993b),
the mafic intrusions are approximately contemporaneous with the tonalites and probably also
contemporaneous with the younger peraluminous granitoid rocks. No geochronology exists for
other granitoid bocies, but the synplutonic intrusion of mafic material into the Shelbume and Port
Mouton plutons (considered further in Chapter 3) supports the contemporaneity of mafic and
felsic magmas and, therefore, a circa 376 Ma age for the Shelburne Pluton. Geochemical

similarities among the LDMis (considered below) suggest that the LDMIs are genetically related.

2-4. Geochemical Characteristics

2-4.1. Introduction

Previously-published major element ¢xide, trace and rare-earth element, and Sr, Sm,
and Nd isotopic analyses for the LDMIs were compiled and combined with analyses determined
specifically for this study. Appendices A-5, A-6, and A-7 describe the sample preparation and
analytical procedures, whereas Appendix B-3 contains the geochemical database and indicates
the sources of data and the methods of recalculation. Appendix B-4 contains a compilation of

analyses of Ordovician, Silurian, and Jurassic mafic intrusions for comparison with the LDMIs.
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2-4.2. Major Oxide Characteristics and Variation Amang Late Devonian Mafic Intrusions

The LDMIs collectively show a wide range cf SiO, (45.7-65.7 wt.%), Al,O, (8.9-26.5
wt.%), FeOT (4.2-10.9 wt.%), MgO (2.8-26.5 wt.%), and CaO (1.2-11.2 wt.%) that reflects the
lithological variety of currently exposed mafic material. On an AFM diagram (Figure 2.25a), they
plot within the caic-aikaline field and define a weak evolutionary trend with moderate enrichment
of total iron relative to MgO and alkalies. A K,0-SiO, Harker diagram (Figure 2.25b) shows the
calc-aikaline ard high-K calc-alkaline nature of most intrusions, but the Forbes Point and
Mcleods Cove synpiutonic iamprophyres have shoshonitic characteristics. All LDMis show
similar CIPW-normative compositions (Fe,0,/FeO recast to 0.23; see Appendix B-3) with
normative anorthite generally exceeding normative albite, and hypersthene (10-32%) generally
exceeding normative diopside. All bodies contain 2-27% normative quartz, except for the
silica-undersaturated Mersey Point picrite that instead contains 25-36% normative olivine. High
normative orthoclase (12-17%) within the Forbes Point and Mcleods Cove bodies indicates the
potassic nature of these intrusions, whereas up to 7% normative corundum in the Ovens and
Devils Island bodies probably reflects the alteration of mafic mineral phases to clays during
propylitization. High LOI values (up to 6.6 wt.%) generally refiect the hydrous mineral
assemblages of these rocks, although the highest values occur in the aitered Devils Island and
Ovens dykes.

Figure 2.26 shows a series of variation diagrams plotted against Mg-number
([100(MgO/(MgO+FeQT)}). Regardless of tﬁe element used as the ordinate, the Weekend dykes,
Birchtown diorite, four Attwoods Brook saimples, and a Ten Mile Lake gabbro-diorite sample
have similar compositions and they define a relatively coherent group at Mg-numbers between
47 and 64. Three ather Attwoods Brook samples plot separately at higher TiO, and CaO, and
lower FeQT and K,O, which prabably discriminates these plagioclase-cumulate samples. The

Mersey Point picrite consistently defines a separate tight cluster at Mg-numbers above 67,
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Figure 2.25. Geochemical classification of magma series for the Late Devonian mafic intrusions.
(a8) The AFM diagram after Irvine and Baragar (1971). MAV = Mavillette intrusion, BEA = Bear
River dykes and sills, WOL = Wolfville dykes and sills, SHE = Shelburme dyke, WED =
Wedgeport dykes. OVE = Ovens dykes, TEN = Ten Mile Lake gabbro-diorite, BOG = Bog Island
Lake gabbro-diorite, WDs = Weekend dykes, BIR = Birchtown diorite, ATT = Attwoods Brook
gabbronorite, MER = Mersey Point picrite. See Figure 2.1 for their locations and Appendices B-3
and B-4 for the sources of data; (b) Plot of K,0-SiO, for LDMIs. Comparative volcanic
nomenclature after Gill (1981). -
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Figure 2.26. Mg-number variation adiagrams illustrating major oxide variation among members of

the Late Devonian mafic intrusion suite. Only Al,O, shows an evolutionary trend and much

scatter exists, especially for the alkalies. The large ellipse marks a hypothetical estimate of their

parent magma composition. See the text for an explanation, other symbols as in Figure 2.25.
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probably resulting from olivine and hypersthene accumutation. In contrast, the Ovens dykes
have the lowest FeOT, MgO, and CaO of all LDMIs, and high Na,O and K,O that probably marks
the breakdown of pre-existing mafic phases during alteration. Scatter exists for the Devils Island
and Liscomb hodies (particuiarly for the alkalies), although the high TiO, and AlLLO,
characteristics of the Liscomb rocks argue for clinopyroxene, amphibole, and/or plagioclase

accumulation, as the fieid relations suggest.

2-4.3. Trace Element 2nd Rare-eari:) Element Variation

Trace element abundances also show considérable diversity within the unalitered LGMIs.
Chromium and nickel have wide variations from 21-1222 ppm and 10-349 ppm (respectively),
and each body has a unique Cr-Ni signature (Figure 2.27). Although most intrusions centain
hasaltic Ni concentrations, anomalously high Cr in the Mersey Point picrite suggests the
accumulation of chrome-spinel as inclusions within olivine and orthopyroxene, Figure 2.28a
shows chondrite-normalized spider diagrams for individual LDMis. All bodies contain high
concentrations of large-ion lithophile elements (LILE; e.q. B4 167-1920 ppm, Sr 176-1235 ppm)
rejative to high field strength elements (HFSE; e.9. Y 11-37 ppm, Zr 40-248 ppm). Ignoring the
LILE-depleted characteristics of the aitered Devils Island sample (Figure 2.28a inset), the overall
spider diagrarm pattemns appear similar for all bodies. Particularly obvious peaks occur at Rb, K,
Sr, and P, with pronounced troughs at Nb (12-70.,) and in many cases also at Ti. The Mersey
Point picrite contains the lowest concentrations of most trace elements relative to the other
LDMIs, and the Ovens, Forbes Point, and Mcleods Cove intrusions have the highest LILE
abundances. The Attwoods Brook gabbronorite shows a similar LILE pattern to the Devils Island
dyke, suggesting that mobile element loss explains its anomalous low-K calc-alkaiine
characteristics on Figure 2,25b. Although the average Weekend dyke pattern appears identical
to those of the other LDMIs, individual Weekend dykes (Figure 2.28a inset) span a range of trace

element concentrations comparable to the entire mafic intrusion suite.
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Figure 2.27. Plot of Cr-Ni for the Late Devo=ian Mafic Intrusions. Note the high Cr content of the

Mersey Point picrite that probably results from chrome-spinel retention into accumulating

hypersthene and olivine. Symbols as in Figure 2.25.
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Figure 2.28. Chondrite-normalized spider diagrams. (a) Chondrite normalized trace element
diagram. Normalization factors after Thompson et al. (1984); (b) Chondrite-normalized rare-earth
diagram. Normalization factors after Nakamura (1974). The grey fields represent the LDMis and
the insets show spiderdiagrams for individual Weekend dykes: PLE = Pleasant Harbour, BOR =
Borgles Island, POP = Popes Harbour, SOB = Sober Island, DEV = Devils Island, L!T = Little
Harbour, EAS = East Jeddore. Refer to Figure 2.18 for their locations. Symbols as in Figure 2.25.

Mis = mafic intrusions.






