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ABSTRACT

The Peggys Cove area of southern Nova Scotia contains abundant, flat-lying, zoned, tourmaline-bearing aplite–pegmatite
sheets cutting leucomonzogranite of the peraluminous, 372 Ma South Mountain Batholith, locally enriched in metasedimentary
xenoliths. Muscovite extracted from aplite, pegmatite and quartz – muscovite – tourmaline pocket zones give flat 40Ar/39Ar age
spectra with 370 Ma plateau ages. Petrographic observations indicate rapid post-crystallization cooling and minimal deuteric
alteration, although erratic Al/Si ordering in feldspar suggests heterogeneous strain, also indicated by undulose textures in quartz;
hence, pegmatite formation occurred in a dynamic setting. Whole-rock and mineral compositions indicate that the aplite–
pegmatites are not chemically evolved compared to global geochemical databases for such rocks. Rather, they may reflect locally
generated volatile-rich melts extracted from the leucomonzogranitic magma. Whole-rock REE data show that the aplite cannot be
derivatives of the leucomonzogranitic magma by simple fractional crystallization. Whole-rock (WR) and mineral �18O data (WR:
+11.7 to +14.7‰) are high compared to data for the SMB (WR: +8.5 to +12.5‰) and reflect equilibration of the pegmatite-
forming melt with a metasedimentary source-material. Fluid-inclusion studies indicate pegmatite crystallization from a melt that
exsolved a moderately saline (20–25 wt.% equiv. NaCl) fluid and constrain pegmatite formation to ca. 600–650°C at 3–3.5 kbar
pressure. Abundant decrepitation-induced textures for the inclusions indicate pegmatite formation in an environment undergoing
rapid changes in pressure, consistent with undulose extinction in quartz and Al–Si ordering in K-feldspar. The observations and
data support a model of pegmatite–aplite formation via devolatilization of the metasedimentary xenoliths, abundant in the host
rocks, and local generation of melts enriched in B during periods of cycling fluid pressure, in part related to regional stresses.
Thus these tourmaline-bearing pegmatites are not related to conventional processes of late-stage fractionation of granitic magmas.
Textural features of the pegmatites (e.g., comb-textured K-feldspar) and aplites indicate a single period of dilatancy and infilling
to form the sheets.
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SOMMAIRE

Dans la région de Peggys Cove, dans le sud de la Nouvelle-Ecosse, on trouve une abondance de couches sub-horizontales
zonées contenant aplite et pegmatite granitiques à tourmaline recoupant le leucomonzogranite du batholite hyperalumineux de
South Mountain (372 Ma), enrichi localement en xénolites métasédimentaires. La muscovite extraite de l’aplite, la pegmatite, et
des assemblages à quartz – muscovite – tourmaline des poches miarolitiques produit des spectres 40Ar/39Ar plats indiquant un âge
de 370 Ma. Les observations pétrographiques concordent avec l’hypothèse d’un refroidissement rapide suite à la cristallisation et
une altération deutérique minimale, quoiqu’un degré d’ordre Al/Si erratique du feldspath fait penser à une déformation hétérogène,
tout comme une extinction roulante dans le quartz; il semble donc que la formation de la pegmatite se soit faite dans un milieu
dynamique. Les compositions des roches globales et des minéraux indiquent que les échantillons d’aplite et de pegmatite ne sont
pas géochimiquement évolués par rapport aux exemples dans les banques globales de données géochimiques pour de telles
roches. Les données à propos des terres rares sur roches globales montrent que les aplites ne pourraient pas être dérivées d’un
magma leucomonzogranitique par simple cristallisation fractionnée. Les valeurs de �18O pour les roches globales, entre +11.7 et
+14.7‰, et les minéraux, sont élevées par rapport aux données sur les roches du batholite de South Mountain (entre +8.5 et
+12.5‰), et montrent que le bain fondu qui a généré la pegmatite avait atteint l’équilibre avec un matériau métasédimentaire à la
source. Les études des inclusions fluides indiquent une cristallisation d’un magma qui a exsolvé une phase fluide modérément
saline (20–25% en poids de NaCl ou équivalent), et limitent la formation de la pegmatite à environ 600–650°C à 3–3.5 kbar. Des
signes abondants d’une décrépitation des inclusions indiquent que le milieu de formation subissait d’importants changements en
pression, ce qui concorde avec l’extinction roulante du quartz et la mise en ordre du feldspath potassique. D’après les observations
et les données, nous proposons une modèle de dévolatilisation des xénolithes métasédimentaires, abondants dans les roches hôtes,
pour expliquer la génération locale de magma enrichi en bore au cours de périodes de variations en pression de la phase fluide, en
partie liées aux contraintes régionales. Ces pegmatites à tourmaline ne résultent donc pas de processus conventionnels de
fractionnement à un stade tardif d’évolution d’un magma granitique. Les textures des pegmatites, par exemple le développement
de cristaux de feldspath potassique en peigne, et des aplites concordent avec une seule période de dilatation et de mise en place
en couches du magma.

(Traduit par la Rédaction)

Mots-clés: pegmatite granitique, tourmaline, granite, géochimie, inclusions fluides, isotopes stables, Peggys Cove, Nouvelle-
Ecosse.

GEOLOGICAL SETTING

The study area is underlain by peraluminous granitic
rocks of the 370 Ma SMB (Fig. 1) that intrude
metasedimentary rocks of the Lower Paleozoic Meguma
Group, which were folded and metamorphosed during
the ca. 395 Ma Acadian Orogenic event (Hicks et al.
1999). The SMB is subdivided into two intrusive phases,
an early (stage 1) biotite granodiorite and biotite
monzogranite, and a more evolved (stage 2) monzo-
granite (Fig. 1; MacDonald et al. 1992). Although the
SMB intruded toward the end of the Acadian Orogeny,
some evidence points to a syntectonic intrusion. For ex-
ample, using anisotropic magnetic susceptibility (AMS),
Benn et al. (1997, 1999) have shown that the batholith
has a weak, but distinct Acadian fabric. In addition,
Horne et al. (1988, 1992) have shown that the orienta-
tion of quartz veins and aplite–pegmatite sheets reflect
NW-directed compression during SMB emplacement.
A study of the contact aureole of the SMB indicates
pressures of 3.2 to 3.8 kbars for batholith emplacement
(Raeside & Mahoney 1996). Concordant U–Pb (zircon,
monazite) and Ar–Ar (mica) ages of ca. 372 Ma for the
SMB and satellite plutons in southern Nova Scotia indi-
cate rapid post-crystallization cooling of granites to
≤300°C (summary in Clarke et al. 1997).

INTRODUCTION

According to maps of the large (7200 km2), 370 Ma
peraluminous South Mountain Batholith (SMB) in Nova
Scotia, pegmatites and aplites occur in various units of
the intrusion (O’Reilly et al. 1982, MacDonald et al.
1992). Locally, euhedra of quartz and tourmaline many
cm across occur in late-stage pockets. Previous investi-
gators of the pegmatites indicate that these bodies may
represent the end product of extreme fractionation,
whereas others refer to local segregation from a less
fractionated melt (e.g., Kontak & Martin 1997). In
places, the pegmatites host a variety of granophile-ele-
ment mineralization (e.g., New Ross area; Logothetis
1985, O’Reilly et al. 1982, Carruzzo et al. 2001). Al-
though there have been some petrological studies of the
mineralized pegmatites, no detailed integrated studies
focusing on the nature and origin of tourmaline-bearing
pegmatites, so prevalent in parts of the eastern SMB,
have been undertaken. In this paper are presented the
results of an integrated field and geochemical investi-
gation of tourmaline-bearing sheeted aplite–pegmatite
occurring along coastal exposures at Peggys Cove
(Fig. 1). The occurrence of these tourmaline pegmatites
not only relate to the geochemical evolution of the SMB,
but their origin also has implications for the nature of
tourmaline in similar geological settings globally.
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FIG. 1. (a) Location of the study area in southern Nova Scotia, Canada, showing the outline of the South Mountain Batholith. (b)
Distribution of early phase-1 plutons and later phase-2 plutons (HP: Halifax pluton, NRP: New Ross pluton, EDP: East
Dalhousie pluton, WDP: West Dalhousie pluton, DLP: Davis Lake pluton) in the South Mountain Batholith. (c) Geology of
the zoned Halifax pluton showing the distribution of dykes and quartz veins, and location of the study area at Peggys Cove.
Geology after MacDonald & Horne (1988).
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Mapping of the Halifax Peninsula indicates that the
area contains a single, zoned pluton referred to as the
Halifax Pluton (HP; MacDonald & Horne 1988).The
rocks comprising the HP (Fig. 1) are subdivided into:
(1) a zoned sequence of biotite granodiorite to biotite
monzogranite (i.e., stage 1), including peraluminous
cordierite- and muscovite-bearing phases, and (2) mus-
covite–biotite leucomonzogranite (stage 2). Field rela-
tionships indicate that the first sequence, which is
coarser grained and characterized by K-feldspar
megacrysts, is intruded by the later, finer-grained and
porphyritic leucomonzogranites. Petrologically, the sec-
ond-stage units are more evolved, carry minor
lithophile-element mineralization (F, Sn, W), and have
geochemical signatures reflecting fluid–rock interaction
(MacDonald & Clarke 1991). Cutting all units of the
HP are steeply dipping, NW- and NE-trending dykes
and pegmatites along with quartz veins (Horne et al.
1988) that are generally associated with the more
evolved phases of the HP (Fig. 1).

GEOLOGY OF THE PEGGYS COVE AREA

Host biotite monzogranite rock

At Peggys Cove, the dominant granitic phase is a
medium- to coarse-grained, K-feldspar megacrystic bi-
otite–muscovite leucomonzogranite (Fig. 2a) that hosts
variable amounts of pegmatites and aplites defining
sheeted structures. Variations in the texture and modal
percentages of the host granite occur on various scales,
the most notable being the size and abundance of the K-
feldspar (Kf) megacrysts, overall grain-size, and per-
centage of biotite. In one locality, exceptional layering
of biotite defines a magmatic foliation (Fig. 2b) similar
to that described at nearby Chebucto Head (Fig. 1; Smith
1975, Clarke & Clarke 1998). Other notable features of
the granite include: (1) an abundance of melanocratic
xenoliths of various shapes and sizes (≤1–2 m; Fig. 2c);
these xenoliths resemble metasedimentary rocks, in
some cases similar to the Meguma Group, but others
may have different origins; (2) local occurrence of ovoid
zones of coarse quartz–feldspar pegmatite enveloping
corroded melanocratic xenoliths (Fig. 2d).

FIG. 2. Outcrop photos of leucomonzogranite, the host rock at Peggys Cove. (a) K-feldspar- megacrystic leucomonzogranite
with coarse, knobby, K-feldspar megacrysts. (b) Well-developed magmatic layering. (c) Melanocratic xenolith of probable
metasedimentary origin. (d) Abundant, small melanocratic xenoliths enveloped by coarse, K-feldspar-rich pegmatite.
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The granite is devoid of an obvious structural fabric,
but numerous steeply dipping joints of generally N–S
and E–W orientation occur. Joint measurements over the
entire study-area indicated no differences, hence all data
are presented together in Figure 3. The joints have a
conjugate orientation, but do not quite match the gen-
eral orientations of joints in the SMB, which Horne et
al. (1992) related to regional stress during emplacement
of the batholith. Where the highest frequency of joints
occurs, there is an appearance of comminution of the
granite and fabric development.

General features of aplite–pegmatite sheets

The aplite–pegmatite sheets occur as (1) extensive,
thin (1–20 cm) sheets draping the undulating surface of
the host monzogranite (Fig. 4a). The sheets are domi-
nated by medium- to very fine-grained and texturally

complex aplite, that change laterally to intricately lay-
ered aplite–pegmatite of ≤1–2 m thickness (Fig. 4c).
Dykes of fine-grained aplite are considered to be part of
this group (Fig. 5a). There are also (2) 1–2 m sheets

Aplites
(n=323)

Joints
(n=130)

a

b

FIG. 3. Stereoplots of structural data from Peggys Cove: (a)
joints in the host leucomonzogranite, (b) aplite sheets in
the host-rock leucomonzogranite. Note the steeply dipping,
orthogonal orientation of the joints, which contrasts with
the relatively flat-lying nature of the aplites.

FIG. 4. Outcrop photos showing typical features of the aplite–
pegmatite sheets at Peggys Cove. (a) Undulating, glacially
scoured surface of granite draped by aplite sheet (indicated
by arrows). View is looking west from parking-lot area. (b)
Close-up of aplite sheet in Figure 4a showing disseminated
rosettes of tourmaline in fine-grained, light beige,
sacchroidal aplite. Inset shows a close-up of coarse rosettes
of tourmaline. (c) Development of layered aplite–pegmatite
in the aplite sheet of Figure 4a, where it thickens.
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FIG. 5. Outcrop photos showing features of the aplite–pegmatite sheets at Peggys Cove. (a) En échelon array of aplitic dykes
just east of the post-office lighthouse. Photo is ca. 2 m wide at the bottom. (b) Line-rock texture in bottom of zoned aplite–
pegmatite sheet. Photo is ca. 0.4 m high. (c) Layered aplite–pegmatite sheet with bottom half consisting of fine-grained aplite
and upper half comprising coarse, K-feldspar-rich pegmatite. Inset photo shows close-up of the quartz–tourmaline pod. Note
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zoned from a lower fine-grained aplite to an upper
coarse-grained pegmatite with graphic texture (Figs. 5b,
c, d, e). In the latter case, the K-feldspar crystals are
≤10–20 cm and are oriented perpendicular to the aplite–
monzogranite contact (Figs. 5c, e, h). Commonly, a
graphic texture surrounds the K-feldspar inward from
the contact. These sheets have small (i.e., <1 m) late-
stage pockets of quartz – K-feldspar – tourmaline –
muscovite that are randomly distributed within the
sheets. Finally, there are (3) intricately banded aplite –
pegmatite – leucogranite sheets of ≤3 m. At one loca-
tion (Fig. 5k), a ca. 3-m-thick section consists of nu-
merous multi-cm thick, undulating bands of aplite –
pegmatite – leucogranite that define a banding (Figs. 5i,
j) that is traced for several tens of meters.

Textural variability characterizes most aplite–peg-
matite sheets, most notably with the development of
coarse segregations (≤20–50 cm) or pockets of variable
mixtures of quartz, K-feldspar, tourmaline and, rarely,
muscovite toward the center of the sheets (Figs. 5c, e).
These pockets are overlain by coarse pegmatite and
underlain by banded aplite; in the latter, a mm- to cm-
scale banding (Fig. 5b) similar to the line-rock texture,
so prevalent in zoned pegmatites, occurs (London
1992a). This tripartite division of the pegmatite–aplite
sheets is very similar to zoned pegmatites described, for
example, from San Diego County, California (Foord
1977, Stern et al. 1986).

Signs of an alteration halo, a phenomenon common
in evolved pegmatites elsewhere (e.g., Tanco pegma-
tite, Manitoba; Selway et al. 2000), have not been ob-
served at Peggys Cove. As noted by London (1992a), it
is very common to find evidence of infiltration of the
volatile component of pegmatites in the surrounding
wallrock, as might be manifest by the development of
secondary B-bearing minerals.

Nature of tourmaline in aplite–pegmatite sheets

Tourmaline occurs in the following textures within
the aplite–pegmatite sheets (1) Coarse rosettes of
euhedral tourmaline are found disseminated within
aplite sheets (Fig. 4b) grading laterally into pegmatite–
aplite sheets (Fig. 4c). (2) Rosettes occur along contacts

between coarse-grained leucogranite and fine-grained
aplite within zoned sheets, the tourmaline layers being
laterally continuous for several tens of m. (3) A core of
tourmaline may be found in aplite sheets that have a thin
(i.e., 1–2 cm) quartz-rich center. (4) Segregations or
pods of tourmaline are found within zoned pegmatites,
either intergrown with quartz (Fig. 5c) or as coarse
monomineralic areas (Fig. 5e); these pods, with maxi-
mum dimensions of 10–30 cm, contain the largest con-
centration of tourmaline. (5) Tourmaline lines fractures
that cut several zones within an pegmatite–aplite sheet.
This tourmaline represents a late-hydrothermal or meta-
somatic type similar in occurrence to some documented
by Tindle et al. (2002). Finally, (6) rare tourmaline fi-
bers occur at the upper contact of sheets (Fig. 5g).

Pocket features

Occurring within the pegmatitic parts of the sheets
are ovoid areas with coarse aggregates of variable per-
centages of quartz, feldspar, muscovite and tourmaline
with a central cavity of 1–5 cm. Such pockets are com-
monly occupied by gem-quality crystals of various min-
erals in pegmatites (Foord 1977, Stern et al. 1986), but
no such features occur in the study area.

Structural features of aplite–pegmatite sheets

The aplite–pegmatite sheets have a uniform orienta-
tion, and the following observations are relevant. (1)
Multiple sheets are commonly arranged in an en échelon
manner (Fig. 5a). Cross-cutting relationships occur
among sheets, commonly with a conjugate relationship
with inter-limb angles of ≤40–50° (Fig. 5f). (2) Termi-
nations are tapered or wedge-shaped, as in shear veins
(Fig. 5a). (3) Contacts with the surrounding granitic rock
are “welded” versus sheared. (4) Coarse crystals, gen-
erally K-feldspar but also quartz, in the marginal zones
in many cases have a comb texture. Thus, in most cases
movement either during or after emplacement and crys-
tallization did not occur (see exception below). Finally,
(5) the sheets are generally flat-dipping, with the ma-
jority dipping gently southward (Fig. 3b). These orien-
tations contrast with the orientations of the joints in the

pen knife for scale. (d) Layered aplite–pegmatite sheet with bottom half consisting of fine-grained aplite and upper half
coarse, K-feldspar-rich pegmatite. Outcrop is located just north of the wharf area and is ca. 2 m wide. (e) Close-up of previous
photo showing tourmaline pocket and cleavage face of coarse K-feldspar crystal, one of several that line the upper part of the
tourmaline-rich pocket ca. 30 cm in width. (f) Composite photo of granitic outcrop containing numerous flat-lying sheets
(more prominent ones are highlighted in red) of aplite–pegmatite showing mutual cross-cutting relationships. Note that the
sheets are arranged like flat-lying shear veins in some cases and have tapered terminations. (g) Tourmaline fibers growing on
the upper surface of a pegmatite–aplite sheet. Orientations and step-like features of the tourmaline fibers indicate northward
movement. (h, i, j, k) Large, layered aplite–pegmatite sheet ca. 3 m in height displaying internal organization with alternating
layers of aplite, leucogranite and coarse K-feldspar-rich pegmatite in aplite sheet (photo taken facing east). The upper contact
is marked by a zone dominated by coarse, oriented K-feldspar crystals (h), whereas the central zone is characterized by
layered aplite – leucogranite – pegmatite (i), and the southern end is characterized by coarse, layered, K-feldspar-rich
leucogranite to pegmatite. The sheet is located along the coast, south of the cafeteria at Peggys Cove.
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host monzogranite (Fig. 3a) and depart markedly from
the orientations of dykes and veins in the SMB (Horne
et al. 1992), which are prominently NW-trending and
steeply dipping. However, Horne et al. (1992) did show
a minimal amount of data (<2% of area) clustered in the
center of their stereoplot for the dykes; thus a small
number of flat-lying dykes are generally present in the
SMB, albeit fewer than are apparent at Peggys Cove. In
a single locality, tourmaline fibers lining the upper con-
tact of a pegmatite sheet with steps into the underlying
fine-grained aplite indicate a north-directed sense of
movement (Fig. 5g).

PETROGRAPHY OF PEGMATITES AND APLITES

Examination of both pegmatite and aplite samples
indicate similar features for the major silicate phases,
these being quartz, albitic feldspar, K-feldspar, musco-
vite and cordierite. The aplite–pegmatite sheets are char-
acterized by: (1) a well-defined graphic texture,
generally developed with K-feldspar, but also plagio-
clase, (2) a rare myrmekite texture in plagioclase that is
always in close proximity to the graphic texture, (3)
comb-textured quartz and K-feldspar, (4) late subhedral
to anhedral, zoned tourmaline, (5) minor chloritized
cordierite of subhedral to euhedral shape, (6) variably
perthitic K-feldspar with film and flame texture; bead
perthite is rare. In addition, the degree of mottled tex-
ture in K-feldspar, generally indicative of strain associ-
ated with the orthoclase–microcline inversion, and
amount of microcline grid twinning, usually restricted
to areas around albite exsolution, ranges from rare to
abundant. Within pegmatite samples, there is a consis-
tent paragenesis of early sodic plagioclase plus or mi-
nus quartz, followed by quartz and K-feldspar, in a
graphic intergrowth. Muscovite and tourmaline, where
present, are late paragenetically. Re-equilibration of
minerals is manifest by development of a perthitic tex-
ture in K-feldspar, strained K-feldspar with grid twin-
ning, replacement of plagioclase by K-feldspar,
fine-grained white mica decorating plagioclase, and
development of irregular grain-boundaries.

The aplites and coarse leucogranite parts of the
sheets are dominated by idiomorphic textures with vari-
able conversion to xenomorphic textures where
subsolidus re-equilibration has been most extreme (e.g.,
Taylor & Pollard 1988). Miarolitic cavities contain the
same assemblage as the host rock. The K-feldspar con-
tains film, flame and beaded perthite textures and
mottled textures occur along with grid twinning, espe-
cially in smaller intergranular grains. Muscovite is
highly variable in abundance, from nearly absent to gen-
erally 3–5%, but where aplite–pegmatite contacts are
observed, up to 10–15% occurs and the grains tend to
be coarser. Rare biotite occurs in the aplites, but it is
commonly altered to chlorite.

ANALYTICAL TECHNIQUES

The 40Ar/39Ar analyses of three high-quality sepa-
rates of muscovite irradiated at McMaster University
nuclear reactor (Hamilton, Ontario) were done at the
Geochronology Laboratory of Queen’s University
(Kingston, Ontario) following the procedures outlined
in Clark et al. (1998). Errors for the individual steps,
age spectra and isotope-correlation diagrams represent
the analytical precision at a 2� level, assuming that the
errors in the ages of the flux monitors are negligible,
which is suitable for comparing within-spectrum varia-
tion and for determining which steps constitute a pla-
teau (McDougall & Harrison 1988). A conservative
estimate for the error in the J value is 0.5%.

Powdered whole-rock samples (–200 mesh) were
analyzed for major and trace elements on fused and
pressed pellets, respectively, using an automated Philips
2400 X-ray-fluorescence (XRF) spectrometer at St.
Mary’s University, Nova Scotia. In addition, high-qual-
ity mineral separates and some of the powdered whole-
rock samples were analyzed for trace (Li, Mo, Cs, Hf,
Ta, Bi, Th, U) and rare-earth (REE) elements by solu-
tion chemistry by ICP–MS (Memorial University, New-
foundland) using the method of Jenner et al. (1990).
Analyses of minerals were done using polished thin sec-
tions and grain mounts with a JEOL 733 Superprobe at
Dalhousie University (Halifax, Nova Scotia) using the
following operating conditions: 1–3 �m but defocussed
to 10 �m for feldspars, beam current 10 nA, and accel-
erating voltage 15 kV. Stable isotope analyses of whole
rocks and silicate minerals were done at Queen’s Uni-
versity using standard methods, as described in Kyser
et al. (1998). Fluid inclusion thermometry was done
using a USGS-type gas-flow heating–cooling stage
housed at the Nova Scotia Department Natural Re-
sources, Halifax (Kontak 1998). Precipitate mounds
generated from artificial thermal decrepitation of fluid
inclusions (Haynes et al. 1988) were also analyzed us-
ing the JEOL 733 Superprobe with conditions similar
to those described above.

The structural states of the alkali feldspar were de-
termined using a Philips Analytical X-ray diffractometer
(XRD) with PC–APD diffraction software at Dalhousie
University, Halifax, with the following operating con-
ditions: CuK� radiation, goniometer speed of 1°2�/
minute, and chart recorder speed of 1 cm/min.

AGE DATING

Three samples of muscovite analyzed for 40Ar/39Ar
dating (Table 1) represent the following occurrences:
(1) aplite with crenulate layering where muscovite oc-
curs within miarolitic cavities (PCG–99–11), (2) a
pocket zone with coarse-grained quartz – K–feldspar –
muscovite in a layered aplite–pegmatite sheet (PCG–
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99–16; Fig. 5k), and (3) a quartz – tourmaline – K–feld-
spar – muscovite segregation in an aplite sheet (PCG–
99–18). Results of the analyses (Fig. 6) indicate similar
age spectra for the three samples of muscovite, with age
plateaus of 367.4, 373.8 and 371.0 Ma. For all samples,
the spectra indicate a simple thermal history with no
evidence of subsequent reheating. The results of the iso-
topic measurements (Table 1) can be obtained from the
Depository of Unpublished Data, CISTI, National Re-
search Council, Ottawa, Ontario K1A 0S2, Canada.

DIFFRACTION STUDIES OF ALKALI FELDSPAR

Diffractograms were obtained for seven separates of
K-rich alkali feldspar from pegmatites in order to as-
sess the degree of Si/Al order, itself an indication of the
thermal evolution of the samples (e.g., Brown & Par-

sons 1989). The results indicate the dominance of ei-
ther a monoclinic or triclinic phase, but samples also
contain a mixture of the two phases. The degree of obliq-
uity (�), determined using the equation of Goldsmith &
Laves (1954), are 0.68, 0.71 and 0.78 for the three tri-
clinic samples. The monoclinic samples have distinct
(131) reflections, but in some of them, broad peaks and
low-intensity shoulders occur, indicative of subordinate
triclinic material with variable � values (Černý &
Chapman 1986, Neves & Godinho 1999).

WHOLE-ROCK COMPOSITIONS

Twelve samples of aplite and pegmatite material
were analyzed for major and trace elements (Table 2),
including: (1) aplites from the margin (PCG–12, 16K,
17A) and interior (PCG–16B) of sheets, (2) isolated
domains of aplite (PCG–3A), (3) coarse leucogranite–
aplite (PCG–16D, 16I), (4) muscovite–tourmaline pods
(PCG–14A, 14B), and (5) coarse K-feldspar (PCG–15C,
16F, 16H). The following points are noted with respect
to the major-element abundances: (1) all aplites and
leucogranite samples are silica-rich (74–78 wt.% SiO2),
have uniform aluminum contents (13 wt.% Al2O3), have
K2O/Na2O >1.5 except for one sample at ca. 1, are
peraluminous (A/CNK values = 1.09 to 1.2; 2% norma-
tive Crd), and are depleted in TiO2, CaO, MnO and
MgO; (2) the two samples of muscovite–tourmaline
pods are very similar in their composition, and (3)
samples of coarse segregations of K-feldspar from
zoned pegmatites have bulk compositions of Or59Ab41,
Or56Ab44 and Or72Ab28.

Normative compositions of the samples plot in dis-
tinct fields in the Q–Ab–Or plot (Fig. 7a). The aplite
samples fall near the pseudoternary minimum for H2O-
saturated haplogranite (Tuttle & Bowen 1958) and near
the average of fine-grained leucomonzogranite for the
SMB (n = 100, Ham et al. 1989), but they also define a
trend plotting toward K-feldspar-rich samples. The
coarse-grained leucogranites also plot near the fine-
grained aplites. The data are compared to the minima
for H2O-saturated granites at 0.5, 1, 3, and 5 kbar in
Figure 7a. It is clear that the samples fall near the low-
pressure minima. Also shown for comparison are the
minima for 4.5 wt.% B2O5 added at 1 kbar for H2O-satu-
rated and dry granite systems.

The samples are generally depleted in the trace ele-
ments considered, except for the muscovite–tourmaline
pods, which are enriched in most elements relative to
the other samples (Table 2), most notably the transition
metals (V, Cr, Co, Ni), high-field strength (Zr, Nb, Ti)
and lithophile and alkaline earth elements (Rb, Sr, Ba,
Ga). The three K-feldspar-rich samples have the high-
est Rb contents, but these are well below the 2000 ppm
Rb level for K-feldspar from evolved pegmatites of the
SMB (Kontak & Martin 1997) and even higher abun-
dances in highly fractionated pegmatites (Černý et al.
1985). The compositions of the aplite–leucogranite

FIG. 6. 40Ar/39Ar age spectra for muscovite separates from
pegmatites at Peggys Cove. (a) Aplite sample with
crenulate layering. (b) Pocket zone containing quartz –
muscovite – K-feldspar in aplite–pegmatite. (c) Aplite
sheet with coarser pods of quartz – tourmaline – K-feldspar
– muscovite.
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samples are generally similar, with uniformly low val-
ues of most trace elements, and highly variable Ba, Sr
and Rb.

In a plot of wt.% K2O versus Rb (Fig. 7b), the data
show a positive correlation, with the K-feldspar-rich
samples most enriched in Rb. In order to assess the de-
gree of fractionation of the samples, comparative data
for the SMB are shown for: (1) whole-rock samples, and
(2) K-feldspar separates from pegmatite segregations in
various settings of the SMB. Whereas there is a trend

that is similar to that of the SMB, the Peggys Cove
samples are chemically not as evolved as the batholith.
In addition, the coarse-grained, K-feldspar-rich zones
in the pegmatites are not as evolved as similar segrega-
tions in pegmatites of the SMB (Fig. 7b).

Six samples of aplite analyzed for their REE con-
tents indicate similar results (Fig. 8) with: (1) chondrite-
normalized abundances of 2 to 10, except for Eu; (2)
generally flat, gull-wing type patterns typical of evolved
felsic rocks that have crystallized monazite (e.g., Miller
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& Mittlefehldt 1982), and (3) pronounced negative Eu
anomalies due to feldspar fractionation. In Figure 8b,
three aplite–leucogranite samples from the large layered
aplite–pegmatite sheet (Fig. 5k) are plotted separately.
There is no systematic relationship between sample
position within the sheet (i.e., margin versus core) and
their REE content. The REE patterns for the aplite
samples are similar to some REE patterns for evolved
phases (leucomonzogranites and aplites) of the SMB
(Kontak et al. 1988, Clarke et al. 1993, Dostal &
Chatterjee 1995), but in general contrast with the more
fractionated patterns typical of granites from both early
and late phases of the SMB, as represented by grano-
diorite–monzogranite and leucogranites, respectively
(Fig. 8b).

MINERAL COMPOSITIONS

Major and minor elements

Representative compositions of the major silicate
phases are summarized in Tables 3 and 4.

Alkali feldspar analyzed includes K- and Na-rich
feldspars and the varied perthites; a typical pegmatitic
K-feldspar examined with back-scattered electron
(BSE) imaging (Fig. 9a) illustrates the nature of the film
and flame perthite textures. Raster analysis of the K-
feldspar indicates bulk compositions of Or72Ab28 to
Or84Ab16, although some go to Or65Ab35 and Or95Ab5
(Fig. 9b). In contrast, point analysis of K-feldspar indi-
cates that most compositions fall in the range Or86Ab14
to Or100 (Fig. 9b). Thus only in a few cases did com-
plete re-equilibration at subsolidus conditions occur
(i.e., Or96–100; Fig. 9b). Compositions of albite occur-
ring as exsolution lamellae and isolated grains in K-feld-
spar range from Ab86 to Ab100 (Fig. 9c). The phosphorus
contents of alkali feldspar are generally below 0.5 wt.%,
and most are below the detection limit of 0.2 wt.%; a
few samples contain between 0.5 to 1.0 wt.% P2O5
(Fig. 9d). These results contrast markedly with values
of 1 to 2 wt. % P2O5 for pegmatitic alkali feldspar in the
SMB (Kontak et al. 1996). The barium content of feld-
spars range from below the detection limit of ca. 0.20
wt.% BaO to a maximum of ca. 0.6 wt.%. BaO. A single
case of K-feldspar (Or98Ab2) occurring as a vein cut-
ting tourmaline in sample PCG–023 (Table 2) contains
up to 1.2 wt.% BaO.

Plagioclase in the leucogranites and aplites varies
in composition from An12 to An0 (Fig. 10), as is typical
of this mineral phase in evolved granites, including the
SMB (MacDonald et al. 1992). There is a progression
in plagioclase toward more sodic compositions that cor-
relates with textures indicative of subsolidus equilibra-
tion, with end-member albite (An0–2) typical of pitted
areas (Fig. 11e).

Muscovite in pegmatites, leucocratic granite and
aplite, and within cavities of leucogranites in sheeted
aplite–pegmatite, has a uniform composition. BSE im-

FIG. 7. Whole-rock compositions of aplite–pegmatite
samples. (a) Plot of normative quartz (Q) – albite (Ab) –
orthoclase (Or). Data are compared to the average
composition of fine-grained leucomonzogranite (circle) in
the South Mountain Batholith (Ham et al. 1989, n = 100).
The arrow indicates the projection of the pseudoternary
minima for 0.5, 1, 3 and 5 kbar in H2O-saturated granite
(Tuttle & Bowen 1958). Inset box shows the effect of
adding 4. 5 wt.% B2O5 to H2O-saturated (near cotectic) and
undersaturated granite at P = 1 kbar (Manning & Pichavant
1988). (b) Binary element plot of wt.% K2O versus Rb
(ppm), in which Peggys Cove data are compared to K-
feldspar samples from pegmatites of various settings in the
South Mountain Batholith, namely segregations in
monzogranites (SMB mnzgr), evolved pegmatites in the
New Ross area (SMB lcgr peg) and segregations in the East
Kemptville leucogranite (EK lcgr peg). The arrows on the
X axis indicate the Rb contents (ppm) for two K-feldspar
separates from pegmatites at Peggys Cove (data in Table
4). The curved line traces the evolution of the South
Mountain Batholith based on whole-rock samples (dataset
of Ham et al. 1989). Average composition of fine-grained
leucomonzogranite in the South Mountain Batholith (Ham
et al. 1989, n = 100) is shown by circle.
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aging and point analyses indicate a homogeneous com-
position with: 0.6 ± 0.4 wt.% MgO, 1.4 ± 0.6 wt.%
FeOT, 0.6 ± 0.2 wt.% Na2O, and 0.2 to 0.5 wt.% TiO2.
Muscovite has <5% paragonite component and limited
substitution toward celadonite. There is a positive cor-
relation between FeO and MgO, but the data define a
large range in the MgO:FeO ratio (1:1 to 1:6; Fig. 11d).
This variation reflects differences among samples, as the
Mg:Fe ratio for muscovite within a sample is uniform.
Neither F nor Cl were detected during analysis (i.e., ≤0.2
wt.%). Small grains of secondary muscovite in feldspar
are notably depleted in FeO, MgO and TiO2 compared
to the coarser, primary muscovite grains (Fig. 12). The
exception to this generalization pertains to secondary
muscovite within altered cordierite; it contains 8 wt.%
FeO and 2 wt.% MgO.

Grains of an apatite-group mineral fall into two
groups based on composition and occurrence: (1) Mn-
rich grains that are disseminated within the matrix of
aplite and leucogranite, and (2) Mn-depleted grains dis-
seminated within feldspar grains (Figs. 11a, b). The
former tend to be coarser, whereas the latter are associ-
ated with turbid areas within pitted feldspar (Figs. 11d,
e). The strong negative correlation between wt.% CaO
and MnO in the apatite (Fig. 11a) reflects Ca  Mn
exchange, and there also is an increase in wt.% SiO2 in
grains deficient in phosphorus (Fig. 11c). All apatite
grains analyzed are depleted in both F and Cl, thus simi-
lar to the F- and Cl-deficient nature of muscovite, and
are considered to be hydroxylapatite.

Tourmaline (Table 4) from all varieties of occurrence
were analyzed, but we found no distinct chemical dif-
ferences. Tourmaline is strongly zoned in terms of wt.%
SiO2 (30–45), Al2O3 (26–40), FeO (6–15), MgO (0–5)
and Na2O (1–3), with a strong positive correlation
among SiO2 and Al2O3 and Na2O, and negative correla-
tion between MgO and FeO. The samples are deficient
in Li (see below), and calculated amounts based on min-
eral stoichiometry are ca. ≤0.5 wt.% Li2O (Table 4). In
binary plots (Fig. 13), the data correspond to schorl,
dravite and foitite, with the majority of compositions
corresponding to schorl. Based on imaging, the grains
seem to have a broad, chemically homogeneous core and
a narrow, strongly zoned border, which is characterized
by up to 23 wt.% FeOT. This Fe enrichment is similar to
that in tourmaline from late-stage aplites and pegmatites
in the Hub Kapong batholith, Thailand (Manning 1982).
The Mg-rich nature of the majority of the tourmaline
analyzed contrasts markedly with the generally Mg-de-
pleted nature of tourmaline in aplites and granites (sensu
stricto), as documented by several investigators (e.g.,
Manning 1982, Sinclair & Richardson 1992, Stern et
al. 1986, Jolliff et al. 1986, London & Manning 1995).
In addition, the tourmaline is depleted in Mn, which
contrasts with the common enrichment of this element
in pegmatitic tourmaline (Stern et al. 1986). Although
not shown herein, the compositional data are compa-
rable to a dataset for tourmaline from a variety of gra-

nitic settings in the Meguma Terrane (Clarke et al.
1989).
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FIG. 8. Chondrite-normalized plots of rare-earth element
concentrations (chondrite values of Masuda et al. 1973) for
whole-rock samples of aplite from layered aplite–pegmatite
rock at Peggys Cove. (a) Three samples of aplite at Peggys
Cove. (b) Samples of aplite from the layered aplite–
pegmatite shown in Figure 5k. Note that the three samples
have similar abundances and patterns regardless of
position, i.e., bottom contact (PCG–016k) versus center
area (PCG–016D, 016I). Sample PCG–016D was analyzed
in duplicate; excellent reproducibility of the data is
indicated. Data are compared to the range for granodiorite–
monzogranite (Grd–Mzgr; Muecke & Clarke 1981) and
leucogranites (Lcgr; Clarke et al. 1993) of the South
Mountain Batholith.
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Trace amounts of subhedral to anhedral zircon oc-
cur associated with hydroxylapatite in pitted feldspar
(Fig. 11d). These grains are too small to analyze reli-
ably, hence no Hf or REE data are available.

An unidentified mineral phase containing Si, Ca, Ba,
Sr and SO4 occurs as anhedral secondary grains within
fractured tourmaline. The presence of this phase is noted
because it bears on our interpretation of the whole-rock
composition of the muscovite–tourmaline pods, dis-
cussed below.

Trace and rare-earth elements

K-feldspar and tourmaline mineral separates were
analyzed for trace and REE abundances (Table 5) and

chondrite-normalized plots are shown in Figure 14. The
two pegmatitic K-feldspar have trace element (i.e., Ba,
Sr, Rb, Pb, Cs) contents, Rb:Sr ratios, and levels of REE
that are intermediate between values typical for K-feld-
spar hosted by monzogranite and unevolved pegmatites
of the SMB, rather than evolved pegmatites (Kontak &
Martin 1997). The contrasting Eu anomalies for the two
samples are unusual, and we have no explanation at
present. The REE contents are also enriched compared
to K-feldspar from chemically evolved, zoned peg-
matites of the Black Hills, South Dakota (Walker et al.
1986), which have chondritic values less than 1.

Tourmaline separates (Table 5) from pegmatite
(PCG–010, 020) and aplite (PCG–023) have variable
abundances of trace elements, e.g., Li (16 to 19 ppm),
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Rb and Sr (4 to 11 ppm), Zr (95 to 20 ppm), Ba (933 to
395 ppm) and Pb (4 to 6 ppm). The low Nb:Ta ratio
(0.5–0.7) is similar to those in evolved rocks in the SMB
(Dostal & Chatterjee 2000), signifying some internal
evolution of the pegmatites, but the Li contents are very
low compared to tourmaline from evolved pegmatite-
forming melts (e.g., Jolliff et al. 1986, Tindle et al.
2002). The chondrite-normalized REE patterns are gen-
erally flat, with a negative Eu anomaly, and are similar
to the patterns for the whole-rock samples, thus consis-
tent with observations that tourmaline does not prefer-
entially incorporate any REE (Jolliff et al. 1987). The
low �REE is similar to that found for tourmaline from
the interior of the Bob Ingersoll pegmatite (Jolliff et al.
1987) and quartz–tourmaline veins associated with
granite at the Dachang tin deposit, China (Jiang et al.
1999), but depleted compared to tourmaline from gra-
nodiorite and related veins in the Salikvan porphyry Cu–
Mo deposit (Yavuz et al. 1999).

FLUID INCLUSIONS

A variety of pegmatite samples containing variable
modal proportions of quartz – feldspar – muscovite –
tourmaline were prepared for fluid-inclusion study.
From this initial suite, a few selected samples were used
for detailed thermometric and decrepitate analyses. Our
observations and thermometric measurements focus on
areas of inclusions with uniform proportions of phases
(i.e., L:V ratios) and shapes, which equate to fluid in-
clusion assemblages (FIA) of Goldstein & Reynolds
(1994).

Petrographic observations

The quality and abundance of inclusions vary con-
siderably, ranging from absent to inundating areas. Al-
though inclusions are present in both quartz and
tourmaline, the latter proved difficult to use and are,

FIG. 9. Compositional data for perthitic K-feldspar in pegmatites. (a) Back-scattered electron image of perthitic alkali feldspar
(light grey) intergrown with quartz (dark grey) in graphic-textured pegmatite sample. Inset figure shows film perthite. Raster-
type data for the inset area are interpreted to give the primary bulk-composition of the alkali feldspar. (b) Histogram plot of
point and raster analyses of perthitic alkali feldspar. (c) Histogram plot of albite lamellae in perthitic K-feldspar. (d) Histogram
plot of wt.% P2O5 for K-feldspar host (point-type analysis) and albite lamellae in perthitic K-feldspar. LOD is the limit of
detection.
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therefore, not discussed further. No inclusions could
readily be related to growth features in quartz using
plane transmitted light, hence they are considered to be
pseudosecondary and secondary (Roedder 1984,
Goldstein & Reynolds 1994). Inclusions are mostly con-
centrated along healed fracture planes aligned orthogo-
nally to each other or at the intersections of such planes
(Fig. 15a). These inclusions have variable L:V ratios and
shapes, suggestive of necking, but FIAs with consistent
L:V ratios do occur (Figs. 15a, b). Between the healed
fracture planes are areas of isolated, larger fluid inclu-
sions (i.e., ≤60–80 �m) of irregular shape, with a halo
of smaller (≤5–10 �m), equant or regularly shaped in-
clusions. These large inclusions may or may not have a
subparallel alignment (e.g., Fig. 15c versus 15d). In
addition, similar inclusions along healed fracture planes
are clearly of secondary origin (Figs. 15g, h). Planes
decorated with these irregularly shaped inclusions cut
planes containing equant inclusions. These irregular
inclusions are have a stellate or three-prong radial shape
in their most irregular form and resemble decrepitated
inclusions observed in experimental studies (Sterner &
Bodnar 1989, Vityk & Bodnar 1995) and in metamor-
phic rocks (Sisson & Hollister 1990, Boullier et al. 1991,
1997). Such inclusion textures are interpreted to form
as a result of rapid changes in pressure, in this case, of
fluid overpressuring (i.e., Pinternal < Pconfining). The in-
clusion shapes are also similar to those produced in iso-
baric cooling experiments [see Fig. 6 of Vityk & Bodnar

Ab Or50

An50

Albite grains

Perthite (flame, film,
bleb types)

Ab88-100

Pitted area of albite

FIG. 10. Plots of compositions of plagioclase and albite lamellae in perthitic K-feldspar
from aplite and pegmatite. Arrow indicates the trend of inferred re-equilibration, as
reflected by the composition of the plagioclase.
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FIG. 11. Binary element plots for hydroxylapatite in aplite and pegmatite, along with back-scattered and secondary electron
images. Note the two groups of compositions based on the amount of Mn, as discussed in the text. (a) Wt.% CaO versus wt.%
MnO; (b) wt.% MnO versus wt.% P2O5. Circled data pertain to coarse, isolated, euhedral grains of hydroxylapatite. (c) Wt.%
SiO2 versus wt.% P2O5. (d, e) Back-scattered electron images showing the nature of hydroxylapatite hosted by K-feldspar.
Note the presence of zircon (Zr) adjacent the hydroxylapatite (Apt) and the pitted nature of the K-feldspar (Kfs) with inclusions
of hydroxylapatite.
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(1995)] and similar to those seen in vein and pegmatitic
quartz of the eastern SMB (Carruzzo et al. 2001).

Inclusions or areas of FIA are classified into the fol-
lowing types at room temperature (ca. 25°C): (1) two-
phase liquid–vapor (L–V) type of regular, equant or
negative shape to more irregular shape (Figs. 15b, c) of
≤5–20 �m, but attaining 40–60 �m. The L:V ratio of
these inclusions is consistent within a population, but
varies among populations, thus indicating fluid entrap-
ment over a range of PT conditions. Type-1 inclusions
dominate samples and occur as isolated groups, or along
healed fracture planes. In the latter case, extensive neck-
ing may characterize such areas. Thermometric analy-
ses indicate that type-1 inclusions can be subdivided into
aqueous (type-1a) and carbonic (type-1b) types; they are
not uniformly distributed among samples. (2) Three-
phase L–V–Halite inclusions of ≤10–20 �m. These are
rare and occur along healed fracture planes as equant to
elongate inclusions and coexist with type-1 inclusions,
indicating therefore only a slight difference in their bulk

composition. (3) V-rich inclusions of equant or nega-
tive shape are ≤20 �m, and occur along healed frac-
tures. These inclusions, which are exceptionally rare, are
not observed to coexist with either type-1 or -2 inclu-
sions, and there is no evidence to suggest that they owe
their origin to post-entrapment changes. This type of V-
rich inclusion is not to be confused with V-rich inclu-
sions having a large range in L:V ratio and whose origin
relates to necking. (4) Multi-solid–L–V inclusions of ir-
regular shape and ≤30–50 �m occur with L:V type
inclusions. The solids are of variable shape and bire-
fringence and may be micas and feldspar trapped acci-
dentally during crystallization and alteration within the
pegmatite (?). (5) Monophase L-rich inclusions of
equant shape decorate planes and record post-entrap-
ment necking. Finally, (6) the decrepitated inclusions
described above consist of a central, V-rich inclusion of
irregular shape that is surrounded by smaller, two-phase
L–V inclusions (Figs. 15e, f).
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FIG. 14. Chondrite-normalized (chondrite values of Masuda
et al. 1973) rare-earth element plots for K-feldspar (a) and
tourmaline (b) mineral separates from aplite and
pegmatites: PCG–010: tourmaline – muscovite – K-
feldspar pocket in layered aplite–pegmatite sheet, PCG–
020: quartz – K-feldspar – muscovite pocket and
tourmaline pocket in layered aplite with line-rock texture,
PCG–023A: coarse quartz – K-feldspar pocket in coarse
pegmatite in tourmaline-bearing aplite sheet.
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and are based on interpretation of a database for evolved
tourmaline-bearing pegmatites.
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FIG. 15. Photomicrographs of quartz-hosted fluid inclusions in pegmatite. (a) Abundant fluid inclusions along steeply dipping
healed fracture-planes. Note the orthogonal orientation of the fracture planes. Width of photo ca. 1 mm. Inset shows typical
large (50 �m) aqueous L–V inclusions that occur between the fracture planes. (b) Planar array of negatively shaped aqueous–
carbonic fluid inclusions (20–30 �m) of uniform L:V ratio in quartz. (c) Array of irregular fluid inclusions with partially



1270 THE CANADIAN MINERALOGIST

Thermometric measurements

Thermometric measurements (Fig. 16) indicate that
two broad groups of fluids, these being aqueous and
carbonic types. The aqueous inclusions represent vari-
able mixtures of H2O–NaCl–CaCl2 based on their tem-
perature of first melting (Fig. 16a; Crawford 1981) and
hydrohalite–ice melting relationships are subdivided into
three groups (I, II, III; Fig. 17). Ice melting in the aque-
ous inclusions occurred at –35 to 0°C, with the majority
in the –10 to –25°C range. The carbonic inclusions dis-
play triple-freezing behavior during cooling runs
(Roedder 1984), and the CO2 component melts at –56.6
± 0.3°C, indicating essentially pure CO2, and CO2–
clathrate melting occurred between +8° and +9.5°C. Ho-
mogenization of the CO2 phase to V occurred between
+21° and +23°C, but the variation within a FIA is ±0.2°C.

Inclusions homogenized to the liquid phase over a
temperature range of 140° to 400°C (Fig. 16b), but the
range within a FIA is ≤5°C. There are significant differ-
ences among samples with, for example, PCG–21A
having a much lower (160–200°C) and smaller range in
Th values than in other samples, whereas in PCG–2000–
3 the carbonic inclusions have higher Th values than
aqueous inclusions. For the aqueous inclusions, the Th
data for the different groups in Figure 17 (I, II, III) cover
the same broad range. Although not shown in Figure
16, note that some carbonic inclusions homogenized to
the V phase in the 374–380°C range. The few halite-
bearing fluid inclusions homogenized by halite dissolu-
tion at 130° to 133°C (n = 5), with final homogenization
of the inclusions (to liquid) at 183°C. In the decrepi-
tated inclusions, the small equant inclusions around the
central irregular inclusion have Th values of 350–360°C.

Fluid composition (salinities)

For aqueous inclusions of groups II and III, the ter-
nary system H2O–CaCl2–NaCl (Vanko et al. 1988) or
equivalent table (Goldstein & Reynolds 1994) was used
to estimate salinity, whereas for group-I inclusions, the
temperature of ice melting was used; for halite-bearing
inclusions, the temperature of halite dissolution was
used (Bodnar & Vityk 1994). For carbonic inclusions,
salinities were determined using the temperature of
clathrate melting (Collins 1979). Fluid salinities (Fig.
16c) are generally 20–25 wt.% eq. NaCl, and in fluids

II and III the ratio CaCl2/(CaCl2 + NaCl) exceeds 0.5.
The highest salinity measured (29 wt.% eq. NaCl,
sample PCG–22) pertains to a halite-bearing inclusion,
whereas the lowest (1–6 wt.% equiv. NaCl) pertains to
a small number of aqueous inclusions. The salinity of
carbonic inclusions is ≤5 wt.% eq. NaCl.

Salinity versus homogenization temperature

Two trends are distinguished in a Th versus salinity
plot (Fig. 18), with both involving decreasing tempera-
ture, but with different salinities. Trend 1 consists of
highly saline fluids, including both Ca- and Na-rich
types (i.e., groups I, II, III), which record a decrease in
Th values with little apparent change in their salinity.
The second trend is not as well defined, but there clearly
is a group of inclusions that record progressively lower
salinities with a corresponding decrease in Th values.
For trend 2, there are no data for sample PCG–21A,
which may be an artifact of data collection. The car-
bonic inclusions would occupy a separate area in Fig-
ure 18, with salinities ≤5 wt.% eq. NaCl and Th values
of 300–380°C.

Compositions of decrepitate mounds

A semiquantitative determination of fluid composi-
tion was assessed using decrepitate mounds (cf. Haynes
et al. 1988). The only cations detected were K, Na and
Ca, although the suite of elements sought included Al,
Fe, Mg, Mn, Ba, Sr, P and S. The data are summarized
in Ca–Na–K plots (Fig. 19). All inclusions contain Cl,
but a few Ca-rich mounds also contain S.

The decrepitate data indicate that three fluid compo-
sitions are present: (i) a K–Na fluid with K/(K + Na) in
the range 0.2 to 0.92, with minor Ca (maximum 15–
20%), (ii) a Na–Ca fluid with Na/(Na + Ca) in the range
1 to 0.4, with minor K (≤10%), and (iii) a Ca-rich fluid
with minor Na or K (≤10%). The three fluids correspond
in general to groups I, II, III defined from the
hydrohalite–ice melting (Fig. 17). Additional points re-
garding these data are: (1) the limited exchange of the
K–Na fluid with the Ca-rich fluid, (2) the difference in
solute composition recorded for the two samples ana-
lyzed, with each sample only recording two of the three
types of fluid, (3) the marked chemical distinction be-
tween the Na- and Ca-rich mounds, and (4) deficiency

decrepitated textures defining a preferential alignment of their long dimensions. Width of photo: 300 �m. Inset figure shows
an enlargement of a representative fluid inclusion (40 �m) from this assemblage. (d, e, f) Assemblage of irregular, decrepitated
inclusions randomly distributed within quartz. These inclusions are candidates for a primary origin. Note the stellate shapes
and halo of smaller aqueous L–V inclusions about the central, V-rich inclusion. The circled inclusions enlarged in Figures 15e
and 15f are ca. 60–80 �m in longest dimension. Width of photo in (d) is 0.8 mm. (g, h). Irregularly shaped, naturally
decrepitated fluid inclusions along a healed fracture-plane. Width of photo: 0.8 mm. Note the halo of smaller aqueous L–V
inclusions about the large central inclusion. One of the large decrepitated inclusions enlarged in Figure 15h is 60 �m wide.
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of the Ca-rich mounds in Cl compared to the Na-rich
mounds.

The results of the decrepitate mounds are very simi-
lar to results derived for quartz-hosted inclusions from
mineralized quartz veins and pegmatites from the New
Ross pluton within the central SMB [Fig. 1b of Carruzzo
et al. (2001)]. Thus the data are not unique to this part
of the SMB. However, the data contrast markedly with
decrepitate data for inclusions in mineralized peg-

matites, greisens and quartz veins at the East Kemptville
tin deposit (Kontak et al. 2001), which are character-
ized by elevated Fe, Mn, Sr and Ba, in addition to Na, K
and Ca.

STABLE ISOTOPES

Stable isotope data for whole-rock samples and min-
eral separates are summarized in Table 6. Whole-rock
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FIG. 16. Thermometric and salinity data for fluid inclusions hosted by quartz of pegmatite arranged by sample. (a) Plots of first
melting or inferred eutectic temperatures and ice-melting temperatures. (b) Plots of homogenization temperatures. Note that
for sample PCG–2000–3, data for aqueous and carbonic inclusions are plotted separately. (c) Plots of salinity as wt.%
equivalent NaCl.
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�18O data for aplite and aplitic parts of layered pegma-
tite range from +11.7 to +14.7‰ with a mean of +12.7‰
(n = 7), but a single sample is well outside the mean of
the others at +14.7‰. Compared to a �18O compilation
of data for the SMB (Fig. 20), the Peggys Cove samples
are enriched in 18O and, excluding the most 18O-en-
riched sample, overlap best the range for meta-
sedimentary rocks of the Meguma Group.

The �18O and �D mineral data for the pegmatites
include analyses of quartz, K-feldspar, muscovite and
tourmaline, and complement data for pegmatites in the
SMB presented by Kontak et al. (1991). The measured
�18O values for these pegmatite minerals are: (1) +10.5
to +12.5‰ for quartz (n = 7), (2) +10.3 to +11.9‰ for
K-feldspar (n = 5), (3) +8.4 to +8.9‰ for muscovite (n
= 3), and (4) +9.4 to +9.7‰ for tourmaline (n = 3). These
�18O values compare the following measurements on
pegmatites from the eastern part of the SMB (from
Kontak et al. 1991): quartz = +8.9 to +17.6‰ (n = 20),

K-feldspar = +8.9 to +12.3‰ (n = 15), muscovite = +8.2
to +9.3‰ (n = 3) and tourmaline = +10.4‰.

The fractionation of 18O among coexisting minerals
(i.e., �quartz–mineral) is temperature-dependent; thus tem-
peratures for coexisting minerals are calculated using
the appropriate fractionation-factors (Table 7). For the
ten mineral pairs analyzed, calculated temperatures
range from 650o to 350°C (n = 5 pairs), and several
record isotopic disequilibrium (e.g., (�quartz–mineral ≤ 0),
which result in unrealistic temperatures. Thus the data
record equilibrium at magmatic conditions at ca. 650°C
to later subsolidus re-equilibration to 350°C, and also
indicate some disequilibrium among minerals.

The �D values determined for muscovite and tour-
maline (Table 6) fall in narrow ranges of –69 to –77‰
(n = 4) and –51 to –66‰ (n = 3), respectively. There are
no �D values for the eastern part of the SMB at present,
but Kontak et al. (2001) reported �D values of –30 and
–51‰ for muscovite in pegmatite from the East

FIG. 17. Partial phase diagram for the ternary system H2O–NaCl–CaCl2 (after Vanko et
al. 1988) showing the bulk compositions for LH2O–V aqueous fluid inclusions hosted
by quartz in pegmatite. The data plotted are for aqueous L–V inclusions in which both
hydrohalite (HH) and ice melting were determined. Note that the data are subdivided
into three groupings (I, II, III) corresponding to different bulk-compositions (in wt.%),
as discussed in the text. Note that for group I, there are many more data present than
shown, but they plot along the H2O–NaCl join, where hydrohalite melts at the eutectic
(i.e., –21.8°C).
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Kemptville deposit in the westernmost part of the SMB
(Fig. 1).

DISCUSSION

40Ar/39Ar dating

The results of 40Ar/39Ar dating of muscovite indi-
cate identical ages of ca. 371 Ma, which are similar to
previous Ar/Ar (mica) and U/Pb (zircon, monazite) ages
for both the SMB and satellite intrusions in the Meguma
Terrane (Clarke et al. 1997). Thus, the aplite–pegmatite
sheets are both co-spatial and co-temporal with the
SMB. Combining the age data with the blocking tem-
peratures for the geochronometers implies rapid post-
crystallization cooling of the area to below ca. 350°C
(McDougall & Harrison 1988). Thus, the age dates in-
dicate that the origin of the aplite–pegmatite sheets is
temporally linked to the evolution of the SMB. In addi-
tion, we emphasize that the low-temperature gas frac-
tion of the age plateaus lack any discordance. There is,
therefore, no evidence to suggest that a subsequent ther-
mal disturbance of ≥300–350°C has affected the area.

Al–Si order in K-feldspar

The Al–Si order in K-feldspar reflects the interplay
of various factors, including cooling rate, fluid interac-
tion and strain [see Martin (1974) and Brown & Par-
sons (1989) for reviews]. At Peggys Cove, there is a
large range in the degree of Al–Si order over short dis-
tances (i.e., m-scale), suggesting variable conditions.
Given that lack of evidence for alteration and proximity

of samples studied, variations in degree of fluid interac-
tion and in cooling rate are considered unlikely reasons
for the heterogeneous degree of order (e.g., Martin 1974,
Cherry & Trembath 1978, Neves & Godinho 1999).
However, petrographic observations reveal a heteroge-
neous distribution of strain, which may account for the
highly random occurrence of the K-feldspar poly-
morphs. This interpretation is consistent with: (1) the
presence of tourmaline fibers within the pegmatites
(Fig. 5g), (2) the presence of highly ordered triclinic K-
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FIG. 18. Plot of salinity versus homogenization temperature
(°C) for aqueous inclusions in quartz of the pegmatites. The
significance of trends 1 and 2 is discussed in the text.

FIG. 19. (a, b) Plots (in wt.%) of Ca–Na–K for decrepitate
mounds in quartz in pegmatites. The significance of the
three groups (I, II, III) distinguished in the plot is discussed
in the text. The inset figure in lower plot is a combined
secondary electron and back-scattered electron image of a
NaCl-rich decrepitate mound typical of fluid II.
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feldspar in the deformed granite at East Kemptville
within the SMB (Kontak et al. 1996), (3) the presence
of decrepitated fluid inclusions that probably record
changing fluid pressure (see below), and (4) the sug-
gestions of several investigators that the SMB is a late
syntectonic intrusion (e.g., Horne et al. 1992, Benn et
al. 1997, 1999).

Petrographic features of the aplite–pegmatite sheets

The aplite–pegmatite sheets have a simple mineral-
ogy, dominated by quartz and feldspar with minor mus-
covite and trace cordierite, with pockets of quartz,

tourmaline and muscovite. These observations, com-
bined with the presence in thin section of idiomorphic
textures and film perthite, are consistent with a mag-
matic origin for the rocks. The minor amount of musco-
vite, rarity of miarolitic cavities, and late-stage
development of pocket zones containing tourmaline, all
suggest that the melts were H2O-undersaturated for most
of their crystallization history, a feature typical of
pegmatites (London 1992a) and other layered aplite–
pegmatites (e.g., Webber et al. 1999), and that they
evolved toward a common end-product, this being a Si-
and B-rich metaluminous melt.

The presence of coarse, oriented K-feldspar at
wallrock contacts and a consistent tripartite internal di-
vision (Figs. 5c, d), which is similar to classic suites of
zoned pegmatites (e.g., San Diego County), indicate a
single dilational event with minimal shearing during
crystallization. The presence of delicate, fine-scale line-
rock in the bottom half of zoned sheets also attests to
the quiescence of the environment, with subtle changes
in chemical and physical conditions and mass transfer
relating to the origin of the texture (Stern et al. 1986,
Webber et al. 1997, 1999).

The presence of euhedral cordierite in pegmatites is
well documented within the SMB (Maillet & Clark
1985, MacDonald et al. 1992), thus its occurrence at
Peggys Cove is expected and consistent with the
peraluminous nature of the melts (i.e., 1.09 < A/CNK <
1.2). As suggested by Clarke (1995), the occurrence of
cordierite in granitic pegmatite probably reflects the
reaction:

L → Na–K aqueous fluid + Crd (1).
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FIG. 20. Summary of whole-rock �18O data for the South
Mountain Batholith. Lcgr refers to leucogranite samples.
The range of values for the Meguma Group meta-
sedimentary rocks is from Longstaffe et al. (1980). Note
that the majority of the data for the SMB fall in the range
+10 to +12‰ and that samples from Peggys Cove plot to
heavier values. Data plotted are: (1) leucogranites and
aplites associated with pegmatites in the east-central SMB
(10.7 ± 0.6‰, n = 15; Kontak et al. 1991); (2) leucogranites
of the eastern part of the SMB (11.3 ± 1.0‰, n = 47; Clarke
et al. 1993); (3) granites (sensu lato) of the SMB (11 ± 1.0,
n = 30; Longstaffe et al. 1980), and (4) the East Kemptville
leucogranite (8.9 ± 0.7‰ , n = 8; Kontak 1990).
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Diffusive loss of alkalis increases the peraluminosity
index (A/CNK), thereby favoring cordierite formation.
The rarity of cordierite in line rock and local pegmatite
pockets, although consistent with this model, suggests
that either egress of an alkali fluid was uncommon or
that the bulk composition (i.e., deficiency in Fe and Mg)
was not conducive to cordierite formation.

The heterogeneous development of strained quartz
and mottled K-feldspar with local grid twinning reflects
heterogeneous strain partitioning within the rocks.
These features are considered to have occurred during
post-crystallization cooling of the area rather than dur-
ing some later event, as evidence for a subsequent ther-
mal event is not supported by the Ar–Ar dating. The
distinct orientation of the healed fracture planes deco-
rated with fluid inclusions (Fig. 15a) also records the
presence of an ambient stress-regime during pegmatite
formation.

Whole-rock composition

Uniform whole-rock composition for the aplites and
the compositions near the minimum in the system Qtz–
Ab–Or indicate a magmatic origin. There was clearly
insufficient B in the melt to affect the location of the
cotectic. However, the enrichment of tourmaline in
pockets and locally within banded aplite–leucogranite
suggests that B locally may have influenced the late-
stage evolution of the melt. However, in general a lim-
ited amount of fractional crystallization is inferred from:
(1) a restricted range in composition of the aplites and
abundance of most granophile and lithophile elements
(e.g., Rb, Li, Sn, Nb, and Ta), and values of petrologi-
cally meaningful elemental ratios (e.g., K/Rb, Fig. 7b),
(2) depletion in Ca, Mg and Ti, which is reflected in
rarity of biotite and lack of calcic plagioclase, and (3)
uniformity of the whole-rock REE data, both in terms

of abundances and patterns, and only moderate nega-
tive Eu anomaly, which contrasts with much more de-
pleted signatures seen in more chemically evolved rocks
of the SMB (Dostal & Chatterjee 1995, Kontak et al.
2001).

The only apparent elemental enrichment occurs
within muscovite–tourmaline pods, where there are rela-
tively elevated concentrations of V, Cr, Co, Zr, Ba and
Sr . There are several possible explanations for this en-
richment: (1) enrichment of V, Cr and Ba in white mica
is not unusual, and thus a crystal-chemical control is
plausible. In this case, there is an inference that the melt
also was enriched in these elements. (2) The presence
of secondary phases within the tourmaline, such as Ba-
enriched K-feldspar and an unidentified Ca–Sr–Ba–SO4
phase, reflects the influence of these mineral phases on
whole-rock composition. (3) The presence of second-
ary hydroxylapatite and zircon occluding pits in K-feld-
spar (Figs. 11d, e) suggests some hydrothermal
mobilization of elements. Certainly Zr enrichment in the
muscovite–tourmaline pods may relate to such mobil-
ity, and the general enrichment of Sr in apatite would
also explain the elevated Sr contents. The muscovite–
tourmaline pods represent areas of continued subsolidus
equilibration and fluid-mediated mobility of elements.
This late mobilization may relate to a late buildup of
H2O in the latest melts due to the capacity of B to de-
presses the solidus and enhance H2O solubility (e.g.,
Manning & Pichavant 1988).

In terms of the REE data, the Peggys Cove aplites
are less depleted in the HREE and are much less frac-
tionated [i.e., lower (La/Lu)N values] compared to data
for the SMB as a whole (Fig. 8b). Thus, it appears that
a simple fractional crystallization model cannot account
for the REE patterns of the aplites as derivatives of gran-
ites of the SMB.

Mineral compositions

The mineral compositions, interpreted also in the
context of textures, indicates that the phases analyzed
reflect growth or equilibration under conditions that
varied from magmatic through to hydrothermal.

The composition of muscovite compares to that for
the SMB (Ham & Kontak 1988) and the larger dataset
of muscovite compositions for granitic rocks compiled
by Miller et al. (1981) and Zane & Rizzo (1999). The
composition of our muscovite compares to that from
granitic rocks in general and, more specifically, suites
of pegmatites and aplites as compiled by Zane & Rizzo
(1999). In this study, the limited chemical variation is
consistent with the apparent primary texture of the mus-
covite. It is not surprising, therefore, that in the �Al–
Si–M2+ diagram of Monier & Robert (1986; Fig. 21),
the data plot in a tight cluster and indicate equilibration
at ca. 600°C. The secondary muscovite has a distinct
composition, as noted above.
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The textures and composition of K-feldspar reflect a
progression from high-temperature magmatic condi-
tions to lower-temperature equilibration. The preserva-
tion of film perthite in isolated domains (Fig. 9a) and
bulk compositions of such areas (Fig. 9b) attest to a
magmatic origin. In contrast, the development of flame
and bead perthites cross-cutting film perthite reflects
fluid incursion (Brown & Parsons 1989). Based on
EMPA point analyses, the K-feldspar reacted with the
fluid down to ca. 300°C. The role of a fluid phase is
also reflected by the pitted textures (Fig. 11e; Worden
et al. 1990, Teertstra et al. 1999) and associated forma-
tion of secondary hydroxylapatite and zircon.

The phosphorus content of feldspars in peraluminous
granites is a good monitor of degree of fractionation
(e.g., London et al. 1990, London 1992b), and the SMB
is no exception. Kontak et al. (1996) have shown that
there is a systematic increase of P in both K- and Na-
rich feldspars toward more evolved compositions, con-
sistent with the general increase of P2O5 in whole-rock
samples (Ham et al. 1989). Thus, the values of ≤0.5
wt.% P2O5 in feldspar of the pegmatitic samples
(Fig. 9d) contrast markedly with values of up to 1–2 wt.
% P2O5 in feldspar from pegmatitic samples in the SMB
(Kontak et al. 1996). Thus, the melt from which feld-
spar formed was not evolved relative to pegmatite-form-
ing melts elsewhere in the SMB.

In a manner similar to P, the trace-element contents
(e.g., Ba, Sr, Rb) and appropriate ratios (K/Rb, Rb/Sr)
in K-feldspar are also good monitors of chemical frac-
tionation (e.g.,  Černý et al. 1985). Compared to the
SMB (Kontak & Martin 1997), the K-feldspar in
pegmatites has Rb (300–600 ppm), Pb (40–70 ppm), Rb/
Sr (5–40) and K/Rb (150–300) values that are compa-
rable to K-feldspar from granodiorite and monzogranite
rather than pegmatites. However, the Ba contents devi-
ate from this apparent trend and are markedly depleted
(50–250 ppm) compared to values typical of K-feldspar
from pegmatites from the eastern SMB. Given that the
KD for Ba (Icenhower & London 1996) favors enrich-
ment in K-feldspar of this bulk composition rather than
the melt, these data imply that the primary melt and, by
inference, the source, were deficient in Ba.

Tourmaline, dominantly schorl, is strongly zoned,
and there is a consistent late-stage enrichment of Fe to-
ward the margin of all grains, which reflects a late-stage
internal evolution of the pegmatites. However, of more
significance are the following points: (1) the tourma-
line compositions are coincident with the meta-
sedimentary field rather than granitic suites in the
Al–Fe–Mg diagram of Henry & Guidotti (1985; not
shown), and (2) the data show trends suggestive of con-
tamination rather than fractionation (Fig. 13) on the
basis of the chemical variation of tourmaline composi-
tions for several evolved tourmaline-bearing pegmatites
(Tindle et al. 2002). This suggestion of pegmatite – host-
rock interaction, in this case melanocratic xenoliths of
presumed metasedimentary origin (i.e., Meguma
Group), is consistent with the Mg-rich nature of the tour-
maline compared to tourmaline in granitic pegmatites
in general, as alluded to earlier.

The composition and morphology of the hydroxyl-
apatite indicates an early magmatic stage given that it:
(1) occurs within the matrix, (2) is characterized by a
coarse, subhedral to euhedral habit, and (3) is adjacent
feldspar grains that retain primary textural features. In
contrast, the Mn-deficient hydroxylapatite, although of
euhedral to subhedral shape, invariably occurs within
pitted feldspar (Fig. 12e); in some cases, the Mn-defi-
cient grains also occur as inclusions in some of these
small cavities. Thus, the Mn-deficient hydroxylapatite
is considered to reflect growth in a fluid-mediated envi-
ronment during the subsolidus stage of pegmatite evo-
lution, which probably involved release of P from
feldspar. We do note that Mn deficiency of apatite-group
minerals alone is not indicative of a secondary origin,
as both Kontak (1991) and O’Reilly (1992) noted Mn
enrichment (to 7 wt.% MnO) in secondary “apatite”
within Meguma Zone granites.

Trace amounts of zircon were observed as micro-
metric grains adhering to or adjacent to euhedral hydro-
xylapatite (Fig. 12) and also within the pits. Thus, as
already noted above, Zr was evidently mobile during or
after the textural modification of the feldspar and for-
mation of secondary hydroxylapatite.

FIG. 21. Plot of muscovite compositions in the M2+ – �Al –
Si diagram of Monier & Robert (1986), with isotherms for
temperatures of 650° to 350°C. Note that the muscovite
data plot in a restricted field near the 650–600°C isotherms.
Abbreviations are East: eastonite, Phl: phologopite, Ann:
annite, Cel: celadonite, Ph: phengite, Ms: muscovite.
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Stable isotope data

The �18O whole-rock values are more strongly posi-
tive compared to the majority of �18O whole-rock data
for the SMB (Fig. 20), and the absolute values suggest
a process of enrichment by either crustal contamination
via sediments or interaction with a 18O-enriched fluid.
Petrographic observations of the aplites precludes ex-
tensive deuteric alteration and, hence, significant modi-
fication of their primary �18O values. This would
indicate that contamination of the melt may have oc-
curred at the magmatic stage or that the source itself
was enriched in 18O. Note that the quartz also records
elevated values, with the data clearly divided into two
groupings, one with �18O values of +10.5 to +11.2‰ (n
= 4) and the other with �18O values of +12.2 to +12.5‰
(n = 3). This variation is well outside the range attribut-
able to fractionation (Sheppard 1986) and must, there-
fore, originate at the source. The two most likely
candidates are cooling and contamination. The differ-
ence in �18O values of 2‰ implies a temperature differ-
ence of 150–200°C, thereby indicating pegmatite
formation down to 500° to 450°C, which is unrealistic
for the samples with the elevated �18O values given that
higher temperatures are inferred based on oxygen iso-
tope geothermometry and fluid inclusion thermometry
(P corrected). Thus, contamination is considered a vi-
able explanation and one that has been suggested be-
fore for similar variation in �18O values of quartz in
pegmatitic rocks (Longstaffe 1982).

The mineral �18O values indicate both equilibrium
and disequilibrium conditions (Table 7). The maximum
oxygen isotopic temperatures calculated (600–650°C),
in agreement with the muscovite-derived temperatures
above, are consistent with the expected temperature of
pegmatite formation (London 1992a). Lower tempera-
tures (to 350°C) reflect continued exchange during
subsolidus cooling, a common feature of pegmatites
(Longstaffe 1982) and coincident with the lower limit
of P-corrected temperatures based on fluid-inclusion
homogenization (see below) and feldspar re-equilibra-
tion (see above).

The �18O values for the fluid in equilibrium with the
minerals of the pegmatites were calculated (Table 8)
using limiting values of 650° and 500°C, with �18OH2O
values ranging from +8.5 to +11.6‰ (650°C) to +7.5 to
+10.8‰ (500°C). These values are within the range for
normal magmatic H2O, albeit at the extreme end of 18O
enrichment (Sheppard 1986), which is consistent with
the peraluminous nature and crustal source for the SMB
(MacDonald et al. 1992, Clarke et al. 1997). If another
fluid reservoir was involved in pegmatite evolution, it
was relatively insignificant. The slightly higher �18OH2O
values for K-feldspar–H2O fractionation reflects the ten-
dency of this mineral to continue to exchange during
subsolidus cooling (e.g., Javoy 1977).

The �DH2O values calculated using tourmaline and
muscovite �D data for 650° and 500°C differ signifi-

cantly (Table 8). At 650°C, the �DH2O values for tour-
maline are –64 to –73‰ compared to –44 to –57‰ for
muscovite, but both are within the range for normal
magmatic H2O (Sheppard 1986). However, since mus-
covite and tourmaline are not observed to coexist, di-
rect comparison of their isotopic composition is not
possible.

Fluid inclusions: P–T conditions of entrapment,
fluid composition and source reservoirs

Before examining the nature and origin of the flu-
ids, the inclusions are examined in terms of their P–T
evolution in light of: (1) petrographic features suggest-
ing their primary to secondary origin, (2) thermometric
data indicating different populations, the most dominant
being a ca. 25 wt.% eq. NaCl type, with a lesser aque-
ous–carbonic type and a minor low-salinity type, (3)
decrepitate textures indicating fluctuating pressure dur-
ing and after inclusion entrapment, and (4) pegmatite
formation at ca. 370 Ma at a pressure of 3–3.5 kbar
(Raeside & Mahoney 1996).

Taking into consideration the above, the fluid-inclu-
sion data are interpreted as follows (Fig. 22): (1) the
maximum P-corrected Th values of ca. 650°C equate to
values consistent with magmatic conditions, but do not
extend above the H2O-saturated solidus for haplogranite
(Tuttle & Bowen 1958), thus indicating that some de-
pression of the solidus is required if the fluids are to be
considered primary; (2) on the basis of the Th data, most
of the inclusions reflect entrapment below the solidus;
(3) cooling was initially isobaric down to below 350°C,
consistent with decrepitate textures for the inclusions
that resemble those formed during implosion, as would
be expected in an environment undergoing isobaric
cooling (Vityk & Bodnar 1995); (4) the carbonic inclu-
sions must have been trapped during cooling of the
pegmatites and cannot represent entrapment of primary,
magmatic fluids, and (5) the minimum Th data for the
aqueous inclusions correspond to P-corrected tempera-
tures of ca. 350°C, which is considered significant
because: (i) this would approximate the ambient temper-
ature at a depth of the granite emplacement equivalent
to 3–3.5 kbar for a reasonable geothermal gradient (i.e.,
25–30°C/km); (ii) this is the Ar-blocking temperature
for muscovite, and (iii) if uplift commenced from this
point, fluids would be trapped along the iso-Th line of
150°C during uplift, which coincides with the minimum
Th values recorded. For the above reasons stated, the
P–T path shown in Figure 22 has been constructed and
is discussed in more detail below.

With regard to the carbonic inclusions, some inclu-
sions homogenize to the V and L phase at the same tem-
perature, indicating entrapment of such inclusions
during fluid unmixing. Thus, it is not surprizing that the
isochoric projections for the carbonic inclusions corre-
spond to the inferred trapping temperature at ca. 3–3.5
kbar (Fig. 22). However, the rarity of carbonic inclu-
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sions homogenizing by V-phase expansion indicates
that fluid unmixing was rare and intermittent.

The dominant fluid in the aplite–pegmatite system
was moderately saline and of mixed Na–K–Ca compo-
sition with a bulk equivalent composition of 22–24 wt.%
equiv. NaCl; a minor amount of a lower-salinity fluid
also occurs. This fluid composition compares to that of
magmatic fluids associated with pegmatites and greisen
mineralization elsewhere in the SMB (Halter et al. 1998,
Kontak et al. 2001, Carruzzo et al. 2001) and is also
similar to magmatic fluids found in some highly evolved
felsic systems, including pegmatites (e.g., Linnen &
Williams-Jones 1994, Samson & Sinclair 1992). The
composition of the decrepitate mounds and modeling
of the thermometric data in the system NaCl–CaCl2–
H2O indicate that the saline fluid can be subdivided into
subgroups (i.e., K–Na, Na–Ca, Ca); their nature and
origin are addressed below.

The K–Na fluid is represented by data on the Na–K
limb of the Na–K–Ca plot for decrepitate data (Fig. 19)
and Na-rich fluids of the NaCl–CaCl2–H2O plot (fluid
I; Fig. 17). The variation in K:Na of this fluid may re-
late to one or both of the following: (1) changes in the
physical and chemical conditions within the magma
(e.g., Cline & Bodnar 1994, Campbell et al. 1995), or
(2) fluid:rock interaction as the system cools (Orville
1963, Lagache & Weisbrod 1977, Lagache 1984). The
apparent secondary nature of many inclusions suggests
the second possibility, with the fluid becoming more
sodic during cooling.

The Na–Ca fluid (fluid II) is represented by data on
the Na–Ca limb of the Na–K–Ca plot for the decrepi-
tate data and the Na–Ca fluids in the NaCl–CaCl2–H2O
plot. The Na-rich nature of the fluid in sample PCG–
99–21a and the absence of K–Na fluid indicate that the
higher-temperature fluid in sample PCG–99–22 either
did not penetrate this sample or was not trapped. The
higher Th data for this sample (PCG–99–22; Fig. 16a)
is consistent with this interpretation. In this model, the
majority of fluid II (Fig. 17) must have been trapped
during cooling of the system (i.e., post-crystallization),
as suggested in Figure 22 for fluids with Th of 200°C.

The Ca-rich fluid (fluid III) is unusual for magmatic
systems. In fact, we are unaware of such a fluid within
felsic magmatic systems, although this fluid is well
documented within mafic systems (e.g., Vanko et al.
1992, Kelly & Robinson 1992). Thus, a non-magmatic
reservoir for this fluid is considered, and the proximal
Meguma Group is a likely source. The following points
are consistent with this interpretation: (1) the fact that
S, albeit in minor amounts, is only detected in the Ca-
rich fluid, and that sulfides are known to occur within
the Meguma Group rocks; (2) the presence of carbonate
within the Meguma Group; (3) infiltration of a Ca-rich
component from the contact-metamorphic aureole of
intrusions is well documented [e.g., Bowman (1998) for
review], and (4) there is a possible contribution from
chemical corrosion of the metasedimentary xenoliths
within the host leucomonzogranite at Peggys Cove
(Fig. 2c). Relevant to this discussion also is modeling
of fluid:rock interaction by Smith (1995), who could not
reproduce the Ca-rich nature of a similar fluid found in
Sn–W mineralized greisens of Cornwall by equilibra-
tion of a fluid with granitic assemblages that included
sodic plagioclase (An20). Could it be that such Ca-rich
fluids also reflect infiltration of a fluid from an exter-
nal, metasedimentary reservoir at Cornwall? The tim-
ing of infiltration of the Ca-rich fluid is inferred to be
late on the basis of: (1) their low Th values (i.e., 200°C),
which pressure-correct to ca. 350–400°C, and (2) the
fact that this fluid only mixes with the Na-rich fluid,
which itself is inferred to have formed late.

The low-salinity fluid also reflects incursion of an
extraneous fluid unrelated to pegmatite formation.
Given the gap in the salinity between this fluid and the
higher-salinity fluid (Fig. 16), a mixing origin involv-
ing the two fluids is considered unlikely. However, the
high values of Th (220–300°C) suggest that incursion
of this fluid probably occurred during cooling and up-
lift of the SMB.

Inferred P–T conditions of aplite–pegmatite formation

The conditions of emplacement of the aplite–peg-
matite sheets can be estimated using the following: (1)
calculated temperatures of melt based on Zr and P solu-
bilities; (2) isochoric projections of pegmatitic fluids
using Th and compositional data, as discussed above;
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(3) experimentally determined solidi for various granitic
systems; (4) constraints imposed by the presence of the
low-temperature quartz polymorph, occurrence of pri-
mary peraluminous phases (muscovite, cordierite; also
andalusite elsewhere in the SMB; Clarke et al. 1976)
and presence of two feldspars, and (5) the calculated
P–T conditions of the contact aureole of the SMB
(Raeside & Mahoney 1996). From these foregoing con-
straints, the inferred PT path for the melts responsible
for the aplite–pegmatite in the Peggys Cove area is
shown in Figure 22.

Melt temperatures of ≤650–700°C based on Zr and
P solubilities (Watson & Harrison 1983, Montel 1993)
are similar to values calculated using Zr geothermo-
metry for the Calamity Peak granite–pegmatite complex

by Duke et al. (1992). A lower temperature of melt so-
lidification, but not necessarily lower P, would be con-
sistent with the known solidi of volatile-rich systems
(e.g., Beauvoir granite; Fig. 22), although it is not ap-
parent that the pegmatite–aplite system at Peggys Cove
was enriched in the necessary volatiles [i.e., several
wt.% B, F; see London (1992a) for review]. The maxi-
mum P-corrected Th values for the fluid inclusions gen-
erally coincide with the intersection of the Beauvoir
granite solidus and contact aureole of the SMB (Fig. 22).
Is this evidence for solidification of the aplite–pegma-
tite sheets at lower temperatures? If not, then the data
indicate that primary fluids were not trapped and the
observed fluid inclusions represent secondary inclusions
trapped during isobaric cooling.
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The absence of fluid inclusions with Th values ca.
≥380°C precludes both a lower P for melt crystalliza-
tion or rapid post-crystallization uplift history follow-
ing a counter-clockwise P–T path, unless the trapping
of inclusions occurred much later and relates to an un-
known hydrothermal event. Rather, an isobaric cooling
curve is preferred, which permits trapping of fluids dur-
ing cooling and is consistent with subsequent uplift of
the SMB. The trajectory in Figure 22 is also constrained
by assuming a geothermal gradient of ca. 25–30°C,
which indicates a T of ca. 300°C at ca. 3 kbar, which
incidentally coincides with the 200°C iso-Th line. Given
the abundance of fluid-inclusion Th data at ca. 160° to
190°C, we contend that the extension of this isochore to
3–3.5 kbar represents thermal equilibrium of the granite
with the country rock and the point at which the P–T
curve for the pegmatites leaves the isobaric trend. This
temperature also coincides with the lowest oxygen iso-
topic temperature calculated (Table 7).

The textures of the fluid inclusions are highly vari-
able, with shapes reflecting both non-equilibrium (e.g.,
Figs. 15c, d, g) and equilibrium (Fig. 15b) conditions
after entrapment. In the former case, the inclusions re-
semble decrepitates produced in experimental studies
due to implosion (Pi < Pc: Vityk & Bodnar 1995). That
the inclusions did not subsequently attain regular shapes
indicates that equilibration at their new environment was
arrested. Similarly decrepitated inclusions reported in
mesothermal quartz veins are interpreted to reflect over-
pressures of 2–3 kbar (Robert et al. 1995).

Emplacement of the aplite–pegmatite sheets
and internal evolution

The occurrence and nature of the aplite–pegmatite
sheets are not unusual in terms of layered pegmatites,
but their petrogenesis is unusual in that they are not
products of a chemically evolved reservoir. In addition,
the orientations of the sheets are unusual compared to
examples elsewhere in the SMB (Horne et al. 1992):
they are generally flat rather that subvertical.

With respect to the overall structural setting and evo-
lution of the sheets, the following points are first noted:
(1) the flat-lying sheets record filling of subhorizontal
dilatant zones within the host granite that were first filled
with felsic melt. Coarse, oriented K-feldspar with a
comb texture indicates that post-crystallization move-
ment was minimal. The internal evolution and separa-
tion of the sheets into fine-grained aplitic bottoms and
coarse-grained K-feldspar-rich tops also indicate that the
zones of infill represent single dilational events rather
than multiple openings. (2) The aplite–pegmatite sheets
are very heterogeneous with respect to their internal
evolution and lateral continuity; (3) sheets have a mor-
phology similar to shear-type veins; (4) orientations of
aplites are at times similar to conjugate-shear veins, and
en échelon arrays are common (Figs. 5a, f), and (5) tour-
maline fibers at the upper contact of a zoned sheet indi-

cate north-directed compression, consistent with the
kinematics of the regional Acadian deformation.

Formation of the flat sheets within monzogranite also
indicates that these rocks deformed by a combined
brittle–ductile mechanism. Such failure within granite
does not require complete crystallization, but once a
rigid framework is established at 70–75% crystalliza-
tion, the partially solidified magma can deform
(Vigneresse et al. 1996). In order for this to occur, how-
ever, high internal fluid pressures would be required in
order to overcome the vertical normal stress (�V; Brisbin
1986) generated by the overlying 12–15 km of cover
(MacDonald et al. 1992, Raeside & Mahoney 1996).
The presence of a horizontal stress (�H) related to re-
gional compression would enhance formation of the flat
sheets given the 3–3.5 kbar depth of emplacement. For-
mation of the dilatant zones, requiring vertical exten-
sion, overlapped conditions under which shear-type
veins formed (e.g., Fig. 5f). These features are analo-
gous to the subvertical and flat veins observed cross-
cutting each other in the Sigma gold mine, Quebec
(Sibson et al. 1988), although in this case, the orienta-
tion of the shear veins is different than at Peggys Cove.
In the case at Sigma, periodic buildup of fluid pressure
was proposed as a means of forming the contrasting
arrays of veins. Such a mechanism might apply at
Peggys Cove, that is periodic release of a fluid from
within the magma chamber generated via exsolution of
volatiles, perhaps in conjunction with relaxation of re-
gional stresses. A similar model of fluid overpressuring
was proposed by Kirkham & Sinclair (1988) and
Lowenstern & Sinclair (1996) for aplite–pegmatite sys-
tems.

Model for formation of the tourmaline-bearing peg-
matite–aplite sheets at Peggys Cove

In terms of petrogenesis of the aplite–pegmatite
sheets, the important observations are: (1) occurrence
within a biotite leucomonzogranite and apparent ab-
sence of a spatially related, chemically evolved granite,
as are other aplites and pegmatites within the SMB and
the Halifax Pluton (MacDonald & Horne 1988,
MacDonald et al. 1992); (2) neither whole-rock (high
K/Rb) nor mineral (high Rb and low P in feldspar, low
Cl and F in muscovite) compositions of the pegmatites
indicate crystallization from a chemically evolved melt;
(3) absence of an alteration zone around the pegmatite–
aplite sheets due to diffusive loss of volatiles (London
1992a); (4) elevated �18O values for aplites indicative
of a crustal reservoir, and (5) tourmaline compositions
that are unusual for evolved granitic pegmatites and that
suggest some contribution from another reservoir. These
observations would be consistent with a local process
that generated small fractions of melt enriched in
volatiles (H2O, B). In this respect, the presence of the
melanocratic xenoliths enveloped by pegmatite (Fig. 2d)
is considered critical, as they may represent a micro-
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scale example of the process that formed the larger
sheets; such a model follows.

Given the proximity of the Meguma Group both lat-
erally (i.e., a few hundred m off shore) and vertically
(proximal to the roof of intrusion; MacDonald et al.
1992), the incorporation of Meguma xenoliths was com-
mon, as evidenced from their abundance in the host
rock. Partial digestion of these xenoliths would liberate
volatiles, which may have locally enriched areas of the
melt in H2O and B. Sudden decompression of the
magma, perhaps in response to regional tectonic pro-
cesses, would promote separation of small batches of
volatile-rich melt. Formation of the aplite–pegmatite
sheets and associated internal fabrics are features that
are commonly associated with fluctuating P(H2O)
(Kirkham & Sinclair 1988, Lowenstern & Sinclair
1996), as might be expected to occur within an active
tectonic regime. Thus, the tourmaline-bearing aplite–
pegmatite sheets may reflect a form of melt contamina-
tion, not unlike that encountered in cases of assimilation
and fractional crystallization. Additional support for this
origin includes: (1) the fluid-inclusion compositions that
indicate a considerable Ca component to the pegmatitic
fluid. The origin of this component is likely from a non-
magmatic reservoir, given the depletion of calcium in
these aplite–pegmatite sheets. (2) Values of �18O of +12
to +13‰ for the aplites, which are much higher than the
+10 to +11‰ values typical for samples of the SMB
(Fig. 20).

In summary, the formation of pegmatite–aplite
sheets at Peggys Cove is considered to be contingent on
several processes. First, contamination of a monzo-
granitic melt by partial digestion of Meguma Group
metasedimentary xenoliths, which liberated volatiles
(H2O, B) that were dissolved in the melt. Subsequent
decompression of the area, possibly related to periodic
relaxation of regional stresses, caused sudden formation
of volatile-rich melt, which created conditions of sud-
den overpressuring or hydrofracturing of the partially
crystallized melt (i.e., 75%), resulting in formation of
flat dilatant zones. These dilatant zones were immedi-
ately infilled by the volatile-rich melt, which subse-
quently evolved internally to the layered pegmatite–
aplite sheets now observed. The undulating nature of
the sheets may reflect subsequent folding of these rocks
while still ductile (cf. Benn et al. 1997, 1999).
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