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Abstract: The Steel Mountain complex in western Newfoundland is one of several possible peri-
Gondwanan basement slivers that have been emplaced along the northwestern margin of the Ap-
palachian Orogen. The complex includes feldspathic anorthosite, gabbronorite, and magnetite-
ilmenite ore. Megacrysts of plagioclase (andesine), orthopyroxene (hypersthene) and amphibole
(hornblende) were analyzed by electron microprobe and they are of similar composition to the
groundmass minerals. The ferromagnesian megacrysts have exsolution lamellae of Fe-Ti oxides,
magnesio–hornblende, and clinopyroxene. The hornblende megacrysts and the lack of plagioclase in
the exsolution lamellae are unusual for Proterozoic anorthosites and result from unusual abundance
of water in the parental magma. Whole-rock Nd-Sm isotope determinations give an isochron age
of ~1.2 Ga. Ar-Ar dating of biotite rims on hornblende shows an early Ordovician plateau age and the
final heating step suggests a ~0.8 Ga age for the amphibole itself. Taken together with published zircon
geochronology, these data suggest a provenance in the southern peri-Gondwanan Appalachians.

Keywords: anorthosite; Proterozoic; Newfoundland; mineral chemistry; geochronology; petrogenesis

1. Introduction

Several Proterozoic inliers crop out along the northwestern margin of the Appalachian
Orogen in western Newfoundland, Canada (Figure 1). The original palinspastic position of
these inliers is controversial and they may have moved great distances along strike slip
faults [1]. The Steel Mountain complex, near the town of Corner Brook, is exceptional in
being an anorthosite massif, some 50 km long. The age of the Steel Mountain complex is
unresolved. U-Pb analysis of zircons has yielded ages of ~1.14 and ~0.6 Ga ages [2], as well
as one poor quality 1.27 Ga age [3].

Proterozoic anorthosites have been recently reviewed by [4]. They comprise principally
plagioclase feldspar, commonly megacrystic, with lesser amounts of orthopyroxene [5].
Associated rocks with greater amounts of ferromagnesian minerals are gabbronorites.
Geobarometric estimates based on orthopyroxene suggest polybaric crystallization over
a range of lower- and middle-crustal depths [6]. Proterozoic anorthosite massifs were
built by multiple intrusions of andesine–labradorite-rich crystal mushes, derived from
a deeper parental basaltic magma, perhaps in an Andean-type margin, and the plate
dynamics at such margins are postulated to have been different in the Proterozoic Eon
compared to the Phanerozoic Eon [4]. In general, indications of hydrous magma are rare in
Proterozoic anorthosites, although rare amphibole has been reported, mostly as inclusions
in orthopyroxene [7–10].

The Steel Mountain complex includes anorthosite sensu stricto, gabbronorite, and
ilmenite-magnetite ore. Unlike most Proterozoic anorthosites, amphibole is common with
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some as megacrysts. The purpose of this paper is two-fold. (1) To describe and interpret the
unusual evidence for hydrous conditions in the evolution of the Steel Mountain anorthosite.
(2) To use Nd-Sm isotopes, 40Ar-39Ar geochronology, and the mode of occurrence of zircon
to further constrain the age and tectonic history of the anorthosite massif.
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Figure 1. Regional map of the northern Appalachians showing the location of the Steel Mountain
Anorthosite. Base map modified from [1]. ASF—Appalachian Structural Front; BVB—Baie Verte-
Brompton Line; CFZ—Cabot Fault Zone; ML—Mekwe’jit Line (formerly Red Indian Line). (1)—Long
Range Inlier; (2)—Corner Brook Lake block; (3)—Blair River Inlier; (4)—Fleur de Lys belt; (5)—Aspy
and Bras d’Or terranes. (Original figure from Lin, S., Brem, A.G., van Staal, C.R., Davis, D.W., McNi-
coll, V.J., and Pehrsson, S, 2013, The Corner Brook Lake block in the Newfoundland Appalachians:
A suspect terrane along the Laurentian margin and evidence for large-scale orogen-parallel motion:
GSA Bulletin, v. 125, p. 1618–1632, https://doi.org/10.1130/B30805.1. Copyright© Geological Society
of America. Used with permission).

2. Geological Setting

The Steel Mountain complex is one of a series of Proterozoic inliers along the north-
western margin of the Appalachian Orogen in western Newfoundland and Cape Breton
Island (Figure 1). It is tectonically juxtaposed with the Corner Brook Lake Block of Protero-
zoic and Silurian crystalline rocks [1]. U-Pb zircon dating of the Steel Mountain complex has
yielded both 1.14 Ga and 0.6 Ga ages [2]. In the adjacent Corner Brook Lake Block, basement
gneisses give U-Pb zircon ages of 1.5 Ga [1], and there are well-dated Ediacaran granitoid
plutons [2]. The Steel Mountain complex is some 50 km long and consists principally of
anorthosite and gabbronorite, previously mapped by van Berkel [11] and investigated min-
eralogically by Collins [12]. Diabase dykes with deformed margins cut the Steel Mountain
anorthosite. The complex includes well-known magnetite deposits at the Bishop North
and Bishop South localities [13]. In 1997, Loadstone Limited developed two quarries in
the deposit (at 48.4026◦ N, 58.3319◦ W) for use as ballast in the Hibernia gravity-based
offshore petroleum platform. In 1998, samples of this ore were transported to Moose River,
Cumberland County, Nova Scotia, for possible use in the offshore petroleum industry on
the Scotian Shelf. At that time, we acquired and studied these samples of the ore and its
host rock [14].

https://doi.org/10.1130/B30805.1
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3. Materials and Methods

Some 50 samples were examined, of which 15 were cut into polished thin sections for
further investigation using a polarizing and reflected-light microscope, before performing
analyses on selected mineral grains using the electron microprobe at the Regional Electron
Microprobe Centre, Dalhousie University. These representative minerals were analyzed
using a JEOL-733 machine with four wavelength spectrometers and a Tracor Northern
145-eV energy dispersive system detector. The beam operated at 15 kV and 15 nA and a
beam diameter of 10 µm. Geological standards were used. The data were reduced using a
Tracor Northern ZAF matrix correction program.

Whole-rock geochemical analysis was carried out at Saint Mary’s University on
13 samples using a Phillips PW2400 sequential X-ray fluorescence spectrometer (analytical
details given in footnote to Table 1 of [15]). Sm/Nd isotopic analyses were performed at
the University of Alberta using pulverized samples that were completely decomposed in
a mixture of HF/HNO3 acids. Sm and Nd were separated on cation-exchange columns,
followed by separation on columns filled with BIORAD SX-1 bio-beads coated with DEP.
300–500 ng of Nd or Sm was loaded on a side of the Rhenium double filament bead and the
isotopic composition was measured in a VG 354 mass spectrometer. Overall reproducibility
of the isotopic measurements has been determined from a large number of measurements
using the La Jolla Nd standard and the reproducibility of the concentration measurement
has been determined from the Siberian Trap ST-2 local laboratory standard. At the 1% error
level, the reproducibility for the 143Nd/144Nd and 147Sm/144Nd are 0.001% to 0.002% and
0.3% to 0.5%, respectively. The 143Nd/144Nd ratios of the analyzed samples have been
normalized to the La Jolla standard value of 0.511858.Handpicked biotite grains were dated
by the 40Ar/39Ar method using laser step-heating at the Queen’s University geochronology
lab using methods outlined by [16].

4. Petrography

Three main rock types are present: anorthosite, gabbronorite, and magnetite-ilmenite
ore. Both anorthosite and gabbronorite occur as cumulate and non-cumulate rocks and
some contain megacrysts of plagioclase, pyroxene, and amphibole up to 5 cm in length.
Many samples are deformed with granulation textures. The ores are principally magnetite
and ilmenite in veins and blobs with lobate contact relationships with anorthosite.

4.1. Anorthosite

Fresh anorthosite is dark gray or pinkish-gray. All samples contain plagioclase in
excess of 90% of the total volume. Some samples contain larger plagioclase laths forming ad-
cumulate to mesocumulate textures with smaller intercumulate plagioclase crystals. Other
samples show non-cumulate textures. Some samples show granulation, much of which
appears to be autoclastic prior to full crystallization. The anorthosite also shows varying
tectonic deformation, with flattening deformation, folding, and shearing (Figure 2c).

The cumulate plagioclase megacrysts of andesine composition range in length from
1 to 5 cm (Figure 2d). These crystals are subhedral where their overgrowths have crystal-
lized from intercumulate liquid. An adcumulate texture is produced where the cumulate
plagioclase crystals and their overgrowths are the only components of the texture. In the
non-cumulate anorthosite, the plagioclase forms allotriomorphic-granular textures, as the
result of in situ crystallization. These rocks show little variation in crystal size (1–2 cm),
shape, or composition (andesine).

In some anorthosites, large plagioclase megacrysts contain abundant mineral inclu-
sions, either as independent crystals or in clusters of up to about 20 crystals. The widespread
independent crystals are dominantly amphibole, magnetite, biotite, epidote, K-feldspar,
and titanite (Figure 3d). The dominant mineral in the clusters is plagioclase with lesser
amphibole and biotite as smaller euhedral crystals. The mineral clusters are interpreted as
cognate inclusions that were trapped during the crystallization of the megacryst.
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ads—andesine; bt—bioite; chl—chlorite; cpx—clinopyroxene; hbl—hornblende; grt—garnet; ilm—
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Figure 2. Photographs of rock slabs showing textural relationships of minerals in gabbronorite and
anorthosite. (a) Ophitic texture of ferromagnesian minerals and andesine plagioclase. Arrows point
to small features. (b) Autoclastic granulated gabbronorite; dark minerals are orthopyroxene and
hornblende. (c) Granulated and foliated anorthosite. Foliation indicated by short lines. (d) Mix
of Fe-Ti oxide rock with anorthosite, showing lobate contacts with corona rims of hornblende, bi-
otite, and garnet. (e) Thin section of altered mafic dyke with a chilled margin cutting tectonically
deformed anorthosite. In this and subsequent figures, IMA abbreviations [17] are used, includ-
ing: ads—andesine; bt—bioite; chl—chlorite; cpx—clinopyroxene; hbl—hornblende; grt—garnet;
ilm—ilmenite; mt—magnetite; opx—orthopyroxene.
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Figure 3. Backscattered electron (BSE) images of textural relationships of minerals in gabbronorite and
anorthosite. Colored dots indicate EDS mineral analyses. (a) Gabbronorite cut by discontinuous vein
with garnet, clinopyroxene, andesite, ilmenite, and magnetite, in turn, cut by an alteration zone of
talc and dispersed magnetite across which some exsolution lamellae continue. *→—indicates where
veins have invaded exsolution lamellae. (b) Gabbronorite with orthopyroxene megacrysts patchily
altered to talc, with a rim of hornblende, biotite, and chlorite in contact with andesine megacryst.
(c) Gabbronorite with vein of ilmenite, garnet, hornblende, and clinopyroxene. (d) Anorthosite
showing inclusions in andesine megacryst. (e) Tschermakitic hornblende megacrysts with exsolution
lamellae of ilmenite, Magnesio–hornblende, and clinopyroxene. (f) Gabbronorite with megacrystic
amphibole showing tschermakitic- and Magnesio–hornblende phases and a rim of biotite and chlorite
in contact with andesine megacryst.

Anorthosite forms lobate contacts with magnetite-ilmenite ores, with a well-developed
rim or corona of hornblende, biotite, and garnet (Figure 2d). One anorthosite sample is cut
by a centimeter-wide altered mafic dyke (Figure 2e). The dyke consists largely of albite, epi-
dote, titanite, and calcite, with common euhedral zircon crystals (Supplementary Table S1;
Supplementary Figure S1). The dyke has a finer-grained chilled margin against the
anorthosite and shows invasive igneous contacts that cross-cut brittle deformation in
the anorthosite. Except for this sample, we were unable to locate zircon grains in our thin
sections from the anorthosite and gabbronorite samples.

4.2. Gabbronorite

Gabbronorite samples are typically pinkish-gray. Plagioclase is the dominant mineral
(Figure 2a), generally with a modal abundance of >60%, showing gradation through leuco-
gabbronorite to anorthosite. All ferromagnesian and opaque minerals are postcumulus
phases, and along with plagioclase, occur as intercumulate crystals between large laths
of cumulate plagioclase, producing the dominantly mesocumulate textures of these rocks.
Some gabbronorite samples show centimeter-scale rhythmic layering between plagioclase
laths and elongated bands of the ferromagnesian minerals, which is likely due to pre-full
crystallization tectonic deformation. Some samples show autoclastic granulation (Figure 2b).
Orthopyroxene, Mg-rich hypersthene, makes up >65% of the ferromagnesian minerals
and typically forms smallish (<1 cm) euhedral crystals. Minor clinopyroxene (diopside)
occurs as small (<1 mm) euhedral crystals, in contact with the orthopyroxene (Figure 3a).
Magnesio–hornblende occurs as a thin overgrowth around orthopyroxene (Figure 3b).



Minerals 2024, 14, 81 6 of 15

4.2.1. Megacrystic Gabbronorite

Orthopyroxene (Figure 3a) and amphibole (Figure 3e,f) are the two most abundant
megacrystic minerals in some gabbronorite samples, ranging in size from 1 to >10 cm
(Figure 2a). Most ferromagnesian megacrysts occur within a groundmass of small pla-
gioclase crystals surrounded by several large euhedral plagioclase megacrysts, which
control the shape of the ferromagnesian megacrysts, and form subophitic–ophitic textures
(Figure 2a). Contacts between amphibole and orthopyroxene are sharp, preserving the
original igneous texture.

The orthopyroxene megacrysts are highly fractured with two distinct sets of fractures
with ambiguous cross-cutting relationships (Figure 3a). (1) A set of fractures is filled with
veins of small crystals of clinopyroxene, garnet, ilmenite, magnetite, and plagioclase where
they cross the orthopyroxene megacrysts. (2) A sub-parallel set of fractures orthogonal
to these multi-mineralic veins is the site where talc has replaced orthopyroxene and the
center of these fractures hosts strings of dispersed magnetite crystals. Talc also replaces
orthopyroxene at the margins of some megacrysts (Figure 3b). Although the multi-mineralic
veins appear to cut the talc alteration zones, if the talc forms only from an orthopyroxene
precursor, then the multi-mineralic veins may have formed earlier (note the gap in the
vein in Figure 3a). The amphibole megacrysts show a patchy texture of areas with more
tschermakitic hornblende (darker on the BSE images) and more actinolitic hornblende
(lighter on the BSE images) (Figure 3e,f).

Megacrysts of both amphibole and orthopyroxene show corona structures. The rims
consist of an inner layer of microcrystalline magnesio–hornblende around both orthopyrox-
ene (Figure 3b) and amphibole megacrysts (Figure 3f). In both cases, there is also an outer
layer of finely crystalline biotite, which in some places has altered to chlorite.

The orthopyroxene and amphibole megacrysts contain abundant discontinuous ex-
solution lamellae, parallel to their cleavage planes, consisting of iron-titanium oxides,
amphibole, and clinopyroxene (Figure 3a,e). The oxide lamellae are most abundant and
consist dominantly of hemo-ilmenite or ilmenite. Clinopyroxene occurs only as small
domains within amphibole lamellae (Figure 3e). The lamellae extend through the talc
alteration zones but terminate at the multi-mineralic veins (Figure 3a).

4.2.2. Gabbronorite with Mafic Layering

Layers enriched in ferromagnesian minerals are common in the Steel Mountain gab-
bronorite. Large euhedral crystals of orthopyroxene and hornblende have crystallized,
along with plagioclase megacrysts, as cumulate crystals. Smaller groundmass crystals are
interpreted as intercumulate minerals that crystallized along with plagioclase during the
final stages of crystallization of an intercumulate liquid. The most common ferromagnesian
intercumulate minerals are orthopyroxene and clinopyroxene. These generally equant
grains form ophitic to sub-ophitic textures with the plagioclase laths. Other intercumulate
minerals include biotite, which commonly occurs associated with or rimming magnetite or
ilmenite. Pyrite is present in minor amounts as an intercumulate mineral associated with
minor amounts of chalcopyrite and pentlandite. The clinopyroxene and orthopyroxene are
partly altered to chlorite in some samples.

Primary magnesio–hornblende occurs as an intercumulate mineral in some samples,
with minor amounts of orthopyroxene (dominantly as relict crystals) and clinopyroxene,
biotite, and magnetite. The amphibole shows the same equant, ophitic to sub-ophitic,
textures as the intercumulate orthopyroxene and clinopyroxene. Some amphibole crystals
have been almost completely altered to minerals tentatively identified from chemistry as
smectite or chlorite. The layered rocks are cut by several sub-parallel fractures, similar to
those observed cutting the megacrystic gabbronorite, which preferentially cut the mafic
layers. Chlorite fills the fractures that cut plagioclase, while talc ± magnetite fills fractures
that cut the ferromagnesian minerals.
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4.3. Magnetite-Ilmenite Ore

The magnetite-ilmenite ore rocks consist principally of coarse-grained magnetite and
ilmenite (Figure 4), with <10% plagioclase and orthopyroxene crystals, which are most
common near contacts with silicate rocks. Other silicate inclusions comprise pargasite,
spinel (Mg-rich hercynite) that have been partially altered to corundum (Figure 4a), and
almandine-rich (Alm66–Alm81) euhedral garnet crystals (Figure 3c). Olivine crystals are
altered to antigorite (Figure 4b). Crystals of iddingsite, presumably after olivine, are also
replaced by antigorite (Figure 4c). Various iron sulfide minerals, principally pyrrhotite,
with some pentlandite and chalcopyrite, are also present (Figure 4a,b).
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antigorite. (c) Iddingsite after olivine, largely altered to antigorite and rimmed by pyrrhotite.

5. Mineral Chemistry
5.1. Feldspar

The plagioclase crystals are unzoned and have compositions from An31 to An49
(Figure 5). Plagioclase in gabbronorite is slightly more anorthitic (mostly An46–47) than that
in anorthosite (mostly An43–45). Plagioclase megacrysts mixed in magnetite-ilmenite ore
are distinctly more albitic (An31–32).
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5.2. Orthopyroxene

The groundmass orthopyroxene varies from En62–En67 and the orthopyroxene megacrysts
from En67–En70. The spot analyses of the megacrysts (En > 67%) are typically more Mg-
rich compared to the groundmass orthopyroxene (En < 67%) (Figure 6) and show some
variations in minor elements such as Al2O3, MnO, CaO, and TiO2. The variations in
minor elements within the megacrysts generally overlap the variations in groundmass
orthopyroxene compositions. The similarity of minor elements between the spot analyses
of the megacrysts and the groundmass orthopyroxene provides a link to a similar local
environment. This is supported by the lack of any zoning in the megacrysts.
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The spot analyses are not representative of the composition of the orthopyroxene as it
was when it crystallized, since hemo-ilmenite, amphibole, clinopyroxene, and probably
ilmenite have been exsolved. The original bulk composition of the orthopyroxene must
therefore include the elements in these minerals. A recalculation of the bulk composi-
tion of the megacrystic orthopyroxene based on modal abundances of 5% hemo-ilmenite,
2% amphibole (magnesio–hornblende), and 1% clinopyroxene yields a composition of
En65Fs33Wo2. The bulk composition of the megacrystic orthopyroxene is enriched in iron
(Fs33) compared to the spot analyses and very similar to the groundmass orthopyroxene
(Figure 6b). The bulk composition is also enriched in TiO2 (1.94 wt%) and MnO (0.30 wt%).
The Mg# values generally decrease from the bulk orthopyroxene to groundmass orthopy-
roxene and increase to the spot analyses of the megacrysts (Figure 6a). The iron-rich bulk
composition of the megacrysts compares very well with the groundmass orthopyroxene
and suggests that the megacrysts did not form during a much earlier stage of crystallization,
but rather contemporaneously from a similar Fe-rich magma.

5.3. Clinopyroxene

Clinopyroxene is not a common mineral in these rocks and it occurs only in small
amounts as a groundmass mineral in the gabbronorites, as an exsolution mineral in the
megacrysts, and in veins and fractures. Clinopyroxene crystals in mafic layers are generally
diopside, with a composition around Wo46.6 En38.8 Fs14.6 (Figure 6d). Exsolution lamellae
of clinopyroxene in orthopyroxene are of augite composition (~Wo44 En44 Fs12).

5.4. Amphibole

Amphibole megacrysts consist of somewhat tschermakitic magnesio–hornblende
(Figure 7). The megacrysts have exsolved ilmenite, magnesio–hornblende, clinopyroxene,
and titanite. Most amphiboles analyzed from inclusions in plagioclase, both in individual
crystals and in clusters of crystals, are hastingsite or, less commonly, pargasite. Applica-
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tion of the Al-in-hornblende geobarometer [19] suggests that the inclusions in plagioclase
formed at 0.7–1.0 GPa and the megacrysts at 0.4–0.6 GPa. Exsolution lamellae in orthopy-
roxene and tschermakitic hornblende are of magnesio–hornblende composition.
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6. Lithogeochemistry

Whole-rock geochemical analysis was carried out on nine anorthosites and seven
gabbronorites. Representative analyses are shown in Table 1 and trace element variation is
illustrated in Figure 8. The chemistry of both rock types is dominated by the abundance
of plagioclase. Trace elements also reflect the chemistry of plagioclase (relatively high Sr
and Eu) and the presence of minor K-feldspar (high Rb, Ba, and K). Low Nb appears to
be a primary feature of the magma, rather than a result of scavenging by an immiscible
oxide magma, as the anorthosite 8157 with oxide inclusions has low Nb, despite high Ti
(Figure 8) and >6.5 wt.% Fe2O3 (Table 1).
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Table 1. Whole-rock analyses of anorthosite (an) and gabbronorite (gn).

Rock Type an an an an an + gn gn gn gn

Sample 8127 8128 8150 8154 8157 8129 8153 8185 8187

Major oxides (wt%)

SiO2 56.09 54.85 55.3 55.47 51.19 54.90 54.45 55.75 53.20

TiO2 0.13 0.38 0.13 0.12 1.10 0.18 0.12 0.14 0.32

Al2O3 26.88 27.49 27.04 26.49 25.01 25.62 25.98 26.92 21.08

Fe2O3t 1.26 2.32 0.61 0.58 6.65 2.30 0.64 1.28 6.83

MnO 0.02 0.02 0.01 0.00 0.03 0.03 0.01 0.02 0.11

MgO 0.44 0.32 0.19 0.19 0.62 2.04 0.15 0.95 7.13

CaO 8.21 8.84 8.14 8.18 7.55 8.21 8.53 8.61 6.85

Na2O 5.67 5.43 5.87 5.67 5.19 5.32 5.63 5.5 3.73

K2O 1.12 0.86 1.18 1.04 0.85 0.69 1.21 0.75 0.53

P2O5 0.04 0.03 0.04 0.03 0.03 0.03 0.04 0.03 0.03

L.O.I. 0.60 0.49 0.20 0.84 0.70 1.01 1.83 0.76 0.61

Total 100.46 101.03 98.71 98.61 98.92 100.33 98.59 100.71 100.42

Trace elements (ppm)

Ba 713 515 483 229 359 261 467 432 302

Rb 43 40 47 47 31 40 46 42 29

Sr 1044 1007 1091 1023 984 923 1024 996 696

Y 7 4 8 6 3 7 7 7 6

Zr 67 65 70 64 67 61 64 64 57

Nb 4 3 4 4 2 3 4 4 3

Th 1 2 2 3 b.d. b.d. 2 b.d. b.d.

Pb 5 4 8 7 4 6 7 7 2

Ga 23 22 23 24 19 22 23 23 18

Zn b.d. 14 b.d. b.d. 39 19 b.d. 4 61

Cu 20 8 9 11 47 7 8 6 4

Ni 49 27 24 26 104 33 21 24 65

V 26 51 12 b.d. 193 32 10 b.d. 75

Cr 8 27 10 7 108 23 8 19 114

Co b.d. b.d. b.d. b.d. 22 4 b.d. b.d. 34

Sc b.d. b.d. 4 3 b.d. b.d. b.d. b.d. 6

La 19 13 17 14 12 15 12 22 15

Ce 61 b.d. 18 52 32 b.d. 37 b.d. 21

Nd 15 11 9 7 13 5 8 14 10
+ sample with Fe-Ti oxide inclusions in anorthosite; b.d.—below detection limit.

Two bulk samples of anorthosite and two of gabbronorite were analyzed for Nd/Sm
isotopes (Table 2). The samples define an apparent isochron of 1.2 ± 0.2 Ga (Figure 9a)
and have an average depleted-mantle-model age of 1.38 Ga. εNd was calculated for three
possible emplacement ages of the rocks: 0.6 Ga (based on [2]), 1.2 Ga (our isochron), and
1.5 Ga (based on [1]) (Table 2; Figure 9b). The strongly negative values of εNd at 0.6 Ga are
quite unlike any Proterozoic anorthosites in the literature (Figure 14 of [4]) and the values
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at 1.5 Ga are similar only to unusually high values found in the literature. In contrast, the
εNd values at 1.2 Ga are close to the median Proterozoic value in the literature.

Table 2. Nd-Sm isotopes for anorthosite and gabbronorite.

Sample Lithology Measured Calculated

Sm
ppm

Nd
ppm

147Sm/
144Nd

143Nd/
144Nd

t DM
(Ga) ε0.6 CHUR ε1.2 CHUR ε1.5 CHUR

8217 anorthosite 0.29 2.21 0.0802 0.511856 1.35 −6.33 2.66 7.18

8131A anorthosite 0.25 1.84 0.0825 0.511839 1.39 −6.84 1.97 6.40

8131B gabbronorite 0.32 2.27 0.0848 0.511869 1.38 −6.43 2.20 6.54

8187 gabbronorite 0.3 1.77 0.1013 0.512006 1.40 −5.02 2.34 6.04
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7. Geochronology

The dated biotite grains were from the altered rim of an amphibole-bearing anorthosite.
The conventional 40Ar/39Ar age spectrum (Figure 10) shows a monotonic age increase
from an initial low temperature step at 290 Ma (Permian) to a plateau age of 485 ± 4 Ma
(2σ) (Early Ordovician). The final heating step of the sample defines an age of 776 Ma
(Cryogenian), which, based on the Ca/K ratio, is likely to be from an amphibole component.
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8. Discussion
8.1. Magmatic Crystallization

Based on textural relationships, the megacrystic plagioclase crystals were the first to
crystallize. The ferromagnesian megacrysts crystallized contemporaneously or immediately
following the plagioclase megacrysts, as suggested by the subophitic–ophitic textures, with
orthopyroxene crystallizing earlier than amphibole (Figure 2a).

The Al-in-orthopyroxene geobarometer [5,6] indicates a crystallization depth of 22–25 km
for orthopyroxene megacrysts. Groundmass orthopyroxene is of similar composition
and its Mg# is similar to that for the megacrysts after correction for exsolution (Figure 6).
Rare orthopyroxene in the ilmenite–garnet–clinopyroxene veins is a little less aluminous,
suggesting a crystallization depth of 19–21 km. The Al-in-hornblende geobarometer [19]
is temperature dependent and thus difficult to compare directly with the orthopyroxene.
The highest pressure amphiboles occur as inclusions in andesine megacrysts (Figure 7b)
and suggest crystallization at depths of 30–35 km. Estimates for amphibole megacrysts are
15–20 km and for amphibole in layered gabbronorite 10–18 km.

Thus, mineral textures and chemistry provide evidence of polybaric crystallization of
the massif anorthosite, similar to that found by [6]. A buoyant plagioclase crystal mush [4]
accumulated over depths of 35–22 km and gradually rose through the magmatic plumbing
system [22], with the crystallization of gabbronorite orthopyroxene at 22–25 km as both
megacrysts and groundmass are of similar composition. The formation of megacrysts
was likely due to Ostwald ripening [23], when crystals precipitate from magma at high
temperatures close to their liquidus, so that large crystals grow at the expense of smaller
crystals. Minor deformation of the rising mush allowed the emplacement of the ilmenite–
garnet–clinopyroxene veins. As the anorthositic mush rose higher through the crust,
the ambient magma became more hydrous, favoring the crystallization of amphibole
megacrysts (Figure 2a).

Primary coarse-grained igneous amphibole is known from Archean anorthosites [4,24],
although much appears to be of metamorphic origin. In Proterozoic anorthositic massifs,
amphibole is very rare and is found mostly as inclusions. For example, considering
other anorthosite massifs in southeastern Canada, the Labrieville anorthosite, Quebec,
has hornblende either in an inclusion-like form together with plagioclase within pyrox-
ene megacrysts or together with biotite at megacryst margins [7]. The Lac Chaudière
anorthosite, Quebec, has small amounts of hornblende in each orthopyroxene megacryst,
as small flakes at the megacryst margins, and as thin plates within plagioclase exsolu-
tion lamellae [8]. Ferroan-pargasitic-hornblende subhedra occur in a few samples in the
Chateau-Richer anorthosite, Quebec [10]. The Nain anorthositic complex has small amounts
of amphibole in orthopyroxene megacrysts [9]. The abundance of amphibole in the Steel
Mountain anorthosite massif is much greater than in typical Proterozoic anorthosite massifs.
This is not solely the effect of shallow crystallization depths, as comparable depths are
recorded in other anorthosite massifs [6]. Rather, it suggests greater overall availability of
water in the parent magma.

Massive magnetite-ilmenite ores have been reported in association with many anorthosite
massifs (e.g., [7,9]). The deposits may be concordant or discordant, having beenproduced
through the injection or accumulation of immiscible Fe-Ti-rich liquid [25]. The lobate contacts
against anorthosite in the studied samples suggest an origin from an immiscible magma in a
crystal mush. Both olivine and iddingsite are present (Figure 4b,c), and the highest pressure
amphiboles found in this study are in plagioclase inclusions in magnetite-ilmenite ore.

The altered cm-wide mafic dyke with common zircon (Figure 2e) cross-cuts shear
zones in anorthosite and is thus a later igneous event of unknown age. Whether it is related
to mafic dykes reported as cutting the Steel Mountain complex [11] is unknown.

8.2. Sub-Solidus Alteration

The exsolution of ilmenite in ferromagnesian megacrysts (Figure 3a,e,f) appears ear-
lier than the fracturing and vein filling by ilmenite, garnet and clinopyroxene (*→ in
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Figure 3a). Both of these events appear to predate pervasive fracturing and hydration
of orthopyroxene to talc and granular magnetite (Figure 3a,b). The relative timing of
other sub-solidus alteration is unclear. There was patchy alteration of tschermakitic horn-
blende to magnesio–hornblende (Figure 3e,f) similar to that described by [26]. Corona
rims of magnesio–hornblende, biotite, and chlorite formed around the orthopyroxene and
amphibole megacrysts (Figure 3b,f).

The exsolution minerals in the orthopyroxene megacrysts of the Steel Mountain
anorthosite and gabbronorite consist of hemo-ilmenite, magnesio–hornblende, and clinopy-
roxene. This assemblage of exsolution minerals appears unique to the Steel Mountain
complex. The most common exsolution mineral in orthopyroxene megacrysts from other
massif anorthosites is plagioclase, which is commonly associated with clinopyroxene, Fe-Ti
oxides, garnet, and minor biotite [5,27]. The suppression of plagioclase exsolution at Steel
Mountain was probably due to high water content [28], which also favored the precipitation
of amphibole and the alteration of orthopyroxene to talc. The source of Ti to form the
ilmenite exsolution lamellae is unclear. About 8% of EMPA analyses of orthopytroxene,
both megacrysts and groundmass, have measurable Ti ranging from 0.2%–0.4% Ti [14] and
the bulk-rock Ti content of gabbronorite is 0.12% Ti (Table 1), mostly in ilmenite with less in
clinopyroxene and amphibole. Most of the analyzed megacrysts have exsolution lamellae
of ilmenite and may thus have already lost Ti.

Sub-solidus alteration in the ilmenite-magnetite ore includes the alteration of olivine
to iddingsite and then antigorite (Figure 4b,c) and the alteration of hercynite to corundum
and later magnetite veins (Figure 4a).

8.3. Age and Tectonic Affinity of the Steel Mountain Complex

The ~290 Ma initial heating step in the Ar-Ar spectrum of the biotite (Figure 10) is
probably the result of high heat flow in the Deer Lake Basin in the early Carboniferous
period [29], followed by uplift and unroofing by the early Permian period, as recorded in
apatite fission track studies [30]. The main early Ordovician plateau age of the biotite is
synchronous with the Taconic 2 continental arc magmatism on the Laurentian margin of the
Appalachians and the Penobscot subduction on the peri-Gondwanan Gander terrane [31].
There is no thermal record of the widespread mid-Silurian magmatism of the Corner Brook
Lake Block [1]. The late Tonian ~780 Ma final heating step is broadly synchronous with the
oldest igneous activity in the peri-Gondwanan Avalon terrane [32].

The estimated 1.2 Ga age for emplacement of the Steel Mountain anorthosite (Figure 9)
would be consistent with a peri-Gondwanan origin from the southern Appalachians, with
the 1.2 Ga age and Nd-Sm isotopes similar to inferred basement contributions to the
Hyco arc volcanic rocks of North Carolina [33]. In contrast, detrital zircons of Laurentian
origin generally show major peaks at 1.0 and 1.5 Ga [34]. Although the Steel Mountain
complex probably has a peri-Gondwanan origin from the southwestern US Appalachians,
its assembly with the peri-Gondwanan Corner Brook Lake Block probably post-dates the
voluminous Ediacaran magmatism in that Block.

The host rock of the 0.6 Ga zircons dated by [2] is reported only as Steel Mountain
anorthosite and was collected 20 km NE of our outcrops. Their zircon ages appear inconsis-
tent with our Nd-Sm ages and with the lack of zircon in the anorthosite and gabbronorite
samples that we examined in detail. The only zircon grains that we found in our study are
in the late mafic dyke that has been highly altered to albite, epidote and titanite (Figure 2e).

9. Conclusions

1. The Steel Mountain complex is a typical Proterozoic anorthosite massif, except for the
abundance of amphibole, which indicates more hydrous magmatic conditions than in
Laurentian anorthosites in the literature.

2. The ferromagnesian megacrysts have exsolution lamellae of Fe-Ti oxides, magnesio–
hornblende, and clinopyroxene. The lack of exsolution lamellae of plagioclase is
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unusual for Proterozoic anorthosites and is a consequence of hydrous conditions in
the Steel Mountain anorthosite.

3. Sub-solidus exsolution of ilmenite lamellae from orthopyroxene megacrysts was fol-
lowed by late veins of clinopyroxene, andesine, and almandine garnet, and then by
widespread alteration of orthopyroxene to talc and dispersed magnetite. Tschermakitic
hornblende was replaced by magnesio–hornblende. Both orthopyroxene and amphibole
megacrysts have corona rims of magnesio–hornblende, biotite, and chlorite.

4. The magnetite-ilmenite ore, containing minor Fe-sulfides, formed from an immiscible
magma that inmixed some siliceous material.

5. The Steel Mountain anorthosite massif shows polybaric evolution of a rising mush
of plagioclase crystals. The magnetite-ilmenite ore contains inclusions of olivine
and of pargasite that equilibrated at >30 km depth. Orthopyroxene megacrysts
and groundmass crystallized at 20–25 km and amphibole megacrysts at 15–20 km.
The corona rims equilibrated at upper crustal depths.

6. Sm-Nd isotopes and Ar-Ar geochronology are more consistent with a peri-Gondwanan
than a peri-Laurentian origin of the Steel Mountain complex.

7. Zircon is rare or absent in the anorthosite and gabbronorite. Common zircon in this
study is found only in a post-tectonic, altered, mafic dyke.
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