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ABSTRACT

Upper-mantle rocks form the basal part of the North Arm Mountain ophiolitic massif (NAMM), in Newfoundland. They are
dominantly composed of plastically deformed refractory harzburgite, and are cut by numerous dykes of pyroxenite. These dykes
range from orthopyroxenite to websterite and clinopyroxenite, and contain variable amounts of olivine, spinel and disseminated
Fe-Ni sulfides. Whole-rock and mineral chemistries of the pyroxenitic dykes are characterized by low contents of Al, Na, K, Ta,
Zr, Hf, Ti and the REE, high Mg-numbers, high Cr and Ni contents, and LILE enrichment relative to less incompatible elements.
Magmas calculated to have coexisted with the pyroxenites have strongly depleted HREE, Ta, Zr, Hf and Ti contents, with LILE
enrichment relative to MORB. The mineral and geochemical data suggest that the pyroxenites have not directly crystallized from
primary magmas generated by the melting of ultra-depleted mantle; rather, the relevant magmas acquired the signatures of such
mantle by reacting and reaching equilibrium with large volumes of variously depleted peridotites at shallower levels during their
migration through the mantle. We propose that the variety of compositions among melts related to the pyroxenites resulted from
fractional crystallization of olivine + spinel, assimilation of clinopyroxene from the wallrocks, and magma mixing, in various
proportions, involving a primary low-Ti magnesian tholeiitic component and low fractions (<10%) of melts produced by partial
remelting of surrounding metasomatized harzburgites or Iherzolites. The composition of NAMM intra-mantle pyroxenite dykes
resembles that of modern magnesian andesites, including boninites found in the western Pacific, which suggests that the NAMM
mantle have been affected by intraoceanic fore-arc magmatism. If the analogy holds true, primitive boninite melts may have
undergone similar interactions with depleted mantle, and acquired their unusual signature by reacting with large volumes of
variously depleted peridotites during their migration through the mantle.

Keywords: pyroxenite, peridotite, boninite, ophiolite, petrology, geochemistry, upper mantle, magma-mantle interactions,
subduction, arc magmatism, North Arm Mountain massif, Bay of Islands, Newfoundland.

SOMMAIRE

La partie inféricure du massif ophiolitique de North Arm Mountain (NAMM), 2 Terre-Neuve, est formée de roches du manteau
supérieur. Ces roches se composent principalement de harzburgites réfractaires, plastiquement déformées, et recoupées de
nombreux dykes de pyroxénite. Ces dykes varient en composition, de orthopyroxénite, webstérite a clinopyroxénite, et
contiennent des quantités variables d’olivine, de spinelle et de sulfures de Fe—-Ni disséminés. La composition chimique (roche
totale et chimie minérale) des dykes pyroxénitiques de NAMM indique de faibles teneurs en Al, Na, K, Ta, Zr, Hf, Ti et terres
rares, de valeurs de Mg# €levées, des teneurs élevées en Cr et Ni, ainsi qu’un enrichissement relatif en éléments lithophiles &
large rayon comparativement aux éléments moins incompatibles. Les compositions calculées des magmas qui auraient coexisté
avec les pyroxénites présentent des teneurs extrémement appauvries en terres rares lourdes, Ta, Zr, Hf et Ti, avec un
enrichissement relatif en €léments lithophiles 2 large rayon par rapport aux basaltes des crétes médio-océaniques. Les pyroxénites
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de NAMM n’auraient pas directement cristallisé 2 partir de magmas primaires, générés par la fusion d’un manteau ultra-appauvri.
Plutdt, les magmas qui leur sont reliés auraient acquis la signature d’un tel manteau par réaction et ré-équilibrage avec de larges
volumes de péridotites appauvries de fagon variable, 2 de faibles profondeurs, durant leur migration 2 travers le manteau. Nous
proposons que la variété, en composition, de ces magmas reliés aux pyroxénites de NAMM résulte de la cristallisation fractionnée
d’olivine * spinelle, de I’assimilation de clinopyrox&ne dissous 4 partir des épontes, et de mélange de magmas, en proportions
variées, impliquant un composant tholéiitique primaire, riche en Mg et pauvre en Ti, et de faibles fractions (£10%) de liquides
produits par la refusion des harzburgites et des Iherzolites métasomatisées environnantes. La composition des dykes de pyroxénite
du manteau de la snite NAMM ressemble 2 celles des andésites modernes riches en Mg, dont les boninites, ce qui suggére que
la portion du manteau du NAMM a ét6 affectée par un magmatisme intra-océanique d’avant-arc. Si1’analogie se révéle correcte,
les magmas boninitiques primitifs auraient subi des interactions semblables avec le manteau appauvri, et auraient acquis leur
signature particuliére en réagissant avec de larges volumes de péridotites appauvries durant leur migration 2 travers le manteau.

Mots-clés: pyroxénite, péridotite, boninite, ophiolite, pétrologie, géochimie, manteau supérieur, interactions magma-manteau,

subduction, magmatisme d’arc, massif de North Arm Mountain, Bay of Islands, Terre-Neuve.

INTRODUCTION

Pyroxenite veins are a characteristic feature of most
upper-mantle peridotites in ophiolites. They usually are
coarse-grained, range from a few cm to 1 m in thick-
ness, and range in composition from orthopyroxenite to
websterite and clinopyroxenite, with minor spinel as a
common accessory phase, but some examples may also
contain olivine, garnet, primary amphibole, plagioclase
and sulfides. Several authors have concluded that these
pyroxenite veins represent conduits along which melts
migrated within the upper mantle (e.g., Podvin et al.
1985, Frey et al. 1985, Reuber ef al. 1985, Wilshire
1987, Suen & Frey 1987, Bodinier ez al. 1987, 1990,
Kelemen 1990, Takahashi 1992, Edwards 1995,
Garrido & Van der Wal 1995, Varfalvy et al. 1996).
Several studies on the petrology and geochemistry of
intra-mantle pyroxenite dykes and their host peridotites
have revealed a complex magmatic history of multiple
intrusive events, involving distinct melts derived by
multi-stage crystal-melt segregation from different
sources (Suen & Frey 1987, Bodinier eral. 1987,
Edwards 1991, 1995, Garrido 1995, Garrido & Van der
Wal 1995). However, pyroxenite dykes are commonly
affected by intense plastic deformation, making it diffi-
cult to establish a relative chronology of intrusion and
deformation events. Moreover, assimilation-reaction
processes between the intrusive melts and host peri-
dotites may change the primary composition of intru-
sive melts and host peridotites, complicating the
interpretation of the geochemical signature and the
origin of these melts (Quick 1981, Podvin et al. 1985,
Kelemen & Ghiorso 1986, Kelemen 1990, Varfalvy
et al. 1996). In this paper, we present new whole-rock
trace-element data from the mantle rocks of the North
Arm Mountain massif, in the Bay of Islands ophiolite,
Newfoundland, in order to better define the nature of
the melts from which mantle-hosted pyroxenite dykes
formed, and the types of processes that drove the
chemical evolution of these melts.

GEOLOGICAL SETTING

The Bay of Islands ophiolitic complex (BIOC)
represents a klippe of the Appalachian Dunnage Zone
(Williams 1979) that was emplaced onto the collapsed,
passive continental margin of eastern North America
during the Early to Middle Ordovician Taconian
Orogeny (Williams & Stevens 1974, Cawood ef al.
1988, Cawood & Suhr 1992). It is formed of four
distinct ophiolitic massifs; from north to south, these
are (Fig. 1) Table Mountain, North Arm Mountain,
Blow-Me-Down Mountain and Lewis Hills (Williams
& Malpas 1972, Irvine & Findlay 1972). The BIOC is
tectonically juxtaposed to the west (Fig. 1) against a
complex assemblage of metamorphosed and deformed
ophiolitic rocks referred to as the Coastal Complex
(CC) (Williams 1973). U/Pb ages obtained on zircon
from both complexes indicate that the CC (505 + 3
/-2 Ma) is significantly older than the BIOC (484 +
5 Ma) (Jenner et al. 1991). A high-temperature meta-
morphic sole to the BIOC is present, generally less that
200 m thick, along the eastern margin of all four mas-
sifs (Williams 1973, Williams & Smyth 1973), and is
interpreted to represent the high-temperature shear zone
along which the ophiolite slab was detached (Williams
& Smyth 1973, Jamieson 1986, Cawood & Suhr 1992).
Ar/Ar and K-Ar results obtained on amphibolites in the
metamorphic sole of the North Arm Mountain massif
give cooling ages of around 470 Ma (Dallmeyer &
Williams 1975, Archibald & Farrar 1976), which
provides a minimum age for the development of the
detachment-related high-strain mylonitic fabrics of the
BIOC metamorphic sole, and constrains the interval
between generation and obduction of the BIOC at
around 10 Ma (Cawood & Suhr 1992).

The North Arm Mountain massif NAMM) of the
BIOC (Fig. 1) preserves a complete ophiolitic sequence
that consists, from base to top, of (1) upper mantle
tectonites, (2) lower-crust interlayered ultramafic and
mafic cumulates and intrusions, (3) layered and foliated
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FIiG. 1. Map of part of the North Arm Mountain massif of the Bay of Islands Ophiolite and sample locations (s): basal metamorphic
aureole (aureole), upper-mantle tectonites (units 1a to le), transitional lower-crust unit made of interlayered ultramafic and
mafic cumulates (unit 2), layered adcumulate gabbros (unit 3). Inset, ophiolite massifs of the Bay of Islands ophiolite
complex: Table Mountain (T), North Arm Mountain (N), Blow Me Down Mountain (B), Lewis Hills (L), and terranes

forming the Coastal Complex (C), redrawn from Edwards (1990).

adcumulate crustal gabbros, (4) porphyritic gabbros,
hornblendites and plagiogranites, (5) sheeted dykes, (6)
lavas and sediments (Riccio 1976, Malpas 1976, Casey
et al. 1981, Bédard 1991). Upper mantle rocks underlie
an area of 60 km?, with an apparent thickness of
4-5 km between the basal metamorphic sole and the
overlying crust. NAMM mantle rocks commonly

consist of plastically deformed harzburgites that are
interbanded on a cm scale with therzolites near the
contact with the overlying crust, and that grade down to
coarse-grained lherzolites near the basal metamorphic
aureole (Smith 1958, Malpas 1976, Suen et al. 1979,
Varfalvy 1994, Varfalvy et al. 1995, 1996). Bands of
subconcordant to discordant dunite (less than 1 m
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thick) with diffuse contacts are common. NAMM
mantle peridotites are cut by numerous pyroxenite
intrusions, which are the subject of this paper.

The mantle section is subdivided into five structural
and petrological units (from top to bottom: 1a to le)
that trend N40°, parallel to the crust-mantle interface
(Fig. 1) (Berclaz et al. 1994, Varfalvy et al. 1996). Unit
la immediately underlies the crust. It consists of mas-
sive, fine-grained mylonitic to ultramylonitic harzbur-
gite to lherzolite. Unit la structures are perfectly
coaxial with those of the lowermost crust. Unit 1a thins
and becomes discontinuous toward the southwestern
part of the massif. The underlying unit 1b is principally
composed of lherzolite and harzburgite, with subordi-
nate plagioclase wehrlite. Steeply dipping, cm-scale
layering is well developed. Bedding and mineral folia-
tions are parallel to those of unit 1a. Individual layers
show significant variations in their pyroxene:olivine
and orthopyroxene:clinopyroxene ratios. There are
numerous dunitic, orthopyroxenitic, websteritic, clino-
pyroxenitic, wehrlitic and gabbroic minor intrusions
(dykes, sills and veinlets), variably transposed and
boudinaged by plastic deformation. The immediately
underlying unit 1c is distinguished from unit 1b by the
abundance of dunite dykes, layers and pods, and the
absence of plagioclase wehrlite, gabbroic and clino-
pyroxenitic intrusions. The underlying unit, 1d, is
dominated by harzburgite, but contains numerous
concordant to subconcordant orthopyroxenite intru-
sions. Isoclinal fold closures are common. Planar
fabrics are weaker than in unit 1c, with less abrupt dips.
A fifth unit, unit le, directly overlies the metamorphic
sole. It is composed of harzburgite that grades down-
ward in the section to coarse-grained Iherzolite. Numer-
ous clinopyroxene-bearing mylonitic to ultramylonitic
shear zones parallel the principal fabric seen in the
metamorphic sole (Berclaz et al. 1994, Hébert et al. 1996).

PETROLOGICAL DESCRIPTIONS OF THE
PYROXENITE DYKES

Concordant to subconcordant orthopyroxenite intru-
sions are observed throughout the mantle section. Clino-
pyroxenite and websterite intrusions (including some
composite veins with a clinopyroxenitic core and an
orthopyroxenitic margin) mainly occur in the vicinity
of the crust-mantle interface. They are particularly
common in unit la, in the northeastern part of the
massif. Here they are thin, transposed into the foliation,
and boudinaged. They are also fairly common in unit
1b, in the southwestern part of the massif, Here they are
transposed into the foliation to varying degrees, and
are locally folded and boudinaged. Rare intrusions of
websterite are also observed in unit 1c, and some thin
and deformed olivine-bearing clinopyroxenite veins
also occur in unit le. Concordant gabbroic veinlets
were only observed in unit 1b. The following pyroxenitic
intrusions were sampled and studied; eight consist of
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orthopyroxenite (S3-O, S5-0, S6-0, S7-0O, S8-0O,
S$9-0, S10-0, S11-0), three consist of clinopyroxenite
(81-C1, S1-C2, S2-C), one is websterite (S4-W), and
three are websteritic composite veins (S1-CV1,
S1-CV2, S5-CV). The prefixes S1 to S12 in sample
names refer to sites 1 to 12 plotted on Figure 1. Based
on their composition (the mineral and whole-rock com-
positions will be discussed in detail later), the pyrox-
enite intrusions were subdivided in four distinct suites:
suite I comprises orthopyroxenites $3-0O, S6-0O, S7-O,
S8-0 and S9-O, suite II comprises orthopyroxenites
§$5-0, S10-0, S11-0O and composite vein S5-CV,
suite T consists of websterite S4-W and composite vein
S1-CV2, and suite IV comprises clinopyroxenites
S1-C1, S1-C2 and composite vein SI-CV1. These
pyroxenite intrusions range in thickness from 5 to
15 cm (clinopyroxenite and websteritic dykes) and
from 10 to 30 cm (orthopyroxenite dykes). The relative
chronology among the pyroxenite intrusions has not
been established with precision. They comprise less
than 5% of the total volume of NAMM mantle rocks,
and different types rarely occur together.

Pyroxenitic dykes contain variable amounts of
olivine (<10% modal), except for S3-O and S7-O
orthopyroxenites, which are olivine-free, and contain
1-2% modal spinel (Varfalvy 1994). Rare, fine-grained
(<0.1 mm), disseminated Fe—Ni-sulfide grains (pyr-
rhotite and pentlandite) are observed only in clino-
pyroxene-rich intrusions. Most of the pyroxenitic
intrusions are zoned, from more olivine-rich margins to
a pyroxene-rich core. Clinopyroxenite and websteritic
intrusions are zoned from more orthopyroxene-rich
margins to a more clinopyroxene-rich core. This
zonation is gradual in clinopyroxenites and S4-W
websterite, but in composite veins, a sharp contact sepa-
rates the orthopyroxenite margin from the clinopyrox-
enite core. In thin section, pyroxenites typically exhibit
a medium- to coarse-grained (0.1-10 mm) polygonal
granular texture, with 120° triple junctions between
pyroxene grains. Pyroxene grains rarely have exsolu-
tion lamellae, but commonly show microtextures such
as kink-bands and shear-bands with recrystallized sub-
grain boundaries, indicative of plastic deformation.
Olivine grains are interstitial to pyroxene, with irregular
contacts, and, where more abundant, form chains of
small grains (<1 mm) distributed along pyroxene grain-
boundaries. Orthopyroxenites usually contain less
that 2% modal clinopyroxene, except for S3—-O ortho-
pyroxenite, which contains 4% modal clinopyroxene.
Clinopyroxenites may contain 1-7% modal orthopy-
roxene. In orthopyroxenites, rare clinopyroxene is finer
grained (<1 mm) and interstitial, whereas in clinopy-
roxenites, it is the orthopyroxene that is finer-grained
(<3 mm) and interstitial. Interstitial fine-grained clino-
pyroxene in orthopyroxenites probably represents
recrystallized exsolutions (Varfalvy et al. 1996). Accessory
spinel occurs as red-brown, dark brown or opaque
euhedral grains disseminated throughout the intrusions,
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and as rounded grains associated with olivine. Spinel
grains are coarser (<0.8 mm) in orthopyroxenites, and
finer-grained (0.1-0.2 mm) in clinopyroxene-rich in-
trusions. Primary igneous amphibole occurs as intersti-
tial pale brown hastingsite to pargasite (<1% modal) in
one intrusive body of orthopyroxenite from the vicinity
of the crust-mantle interface, but was not found (or not
preserved) in any of the other pyroxenite dykes. Retro-
grade amphiboles (assemblage anthophyllite — cum-
mingtonite — tremolite) after pyroxenes, and serpentine
(<2% modal) after olivine, are observed locally. The
common presence of retrograde amphiboles (tremolite,
anthophyllite) indicates partial re-equilibration during
an episode of circulation of hydrous fluid at a tempera-
ture below 700°C (Jenkins 1983). Since these fluids can
be expected to circulate along the same fractures and
grain boundaries as where primary amphiboles are
found, the lack of primary amphiboles may reflect pref-
erential alteration along such sites (Varfalvy ef al. 1996).

Wallrock harzburgites that are in direct contact
(22 cm wide) with pyroxenite dykes have systemati-
cally lower modal clinopyroxene, and may be slightly
enriched in modal orthopyroxene, in comparison with
more distal peridotite hosts (>1 m from the margins of
the dykes) (Varfalvy et al. 1996). This clinopyroxene-
depleted contact zone seems to extend more than 2 cm
from an intrusion’s margins into the wallrocks. A well-
developed porphyroclastic to mylonitic texture commonly
occurs at the contact between wallrock harzburgite and
intrusive orthopyroxenite. The harzburgite—pyroxenite
transitions are generally sharp, and marked by a thin
(5 mm wide) microgranoblastic olivine — orthopy-
roxene — spinel rim that is plated along the margin of
the pyroxenite, and that locally breaks up and lenses out
into the mylonitized wallrock. However, some intrusive
pyroxenites have gradual contacts (clinopyroxenite
S1-C1 and orthopyroxenite S10-0). The contact zone
is about 5 mm wide, and is characterized by an inward
decrease in the proportion and grain size of pyroxene,
and an increasingly interstitial (to olivine) habit of
pyroxene. The existence of mylonitic wallrocks and the
abundance of textures diagnostic of plastic deformation
in the pyroxenite dykes suggest that the intrusions were
injected into and crystallized within zones of active
high-temperature deformation, which may have guided
emplacement of the intrusions.

ANALYTICAL METHODS

Electron-microprobe analyses of olivine, orthopy-
roxene, clinopyroxene, spinel and some accessory
amphibole and sulfides were carried out at Université
Laval with an ARL electron microprobe operated at
20 kV and 0.1 mA. Beam diameter was 3 um; natural
standards were used. Integration time was 10 seconds
for each measurement, which was repeated three times.
The data were corrected using a ZAF program (Bence
& Albee 1968). Replicated analyses of standards indi-
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cate that the determinations have a relative accuracy
of 1 to 2% for major elements. Representative results of
mineral analyses are reported in Tables 1 to 4.

‘Whole-rock chemical analyses were undertaken on
14 NAMM pyroxenite dykes. For composite dykes
S1-CV1 and S1-CV2, analyzed powdered samples in-
cluded orthopyroxenitic margins and clinopyroxeni-
tic cores, whereas for composite dyke S5-CV, only
orthopyroxenitic margins were analyzed. The analyses
were done by inductively coupled plasma — atomic
emission spectrometry (ICP-AES) at the Laboratoire
de Plasma, INRS-Géoressources, Complexe Géo-
scientifique de Québec. Concentrations of major ele-
ments and the trace elements Sc, V, Cr, Ni, Zn and Cu
were obtained from solutions prepared from powdered
sample rocks. Precision and accuracy are generally
better than 1% in cases where the concentrations of an
element are well above its detection limits. Detection
limits range between 0.001 and 0.005 wt.% for major
elements (expressed as oxides). Detection limits are
~4 ppm for Cr, Ni and V, and ~1 ppm for Sc, Cu and
Zn. Loss on ignition (LLOY) is included in the totals
reported below in Table 5.

‘Whole-rock Rb, Sr, Zr, Nb, Cs, Ba, Hf, Ta, Th, U
and rare-earth-element (REE) concentrations were
determined using inductively coupled plasma — mass
spectrometry (ICP-MS) at the Laboratoire de Plasma,
INRS-Géoressources, following successive acid diges-
tions of powdered rock samples, according to a proce-
dure developed at the Complexe Géoscientifique de
Québec by MLR. Lafléche. Integration time was 60 sec-
onds for each measurement, which was repeated three
times. The natural standard UB-N was used for control.
Teflon beakers and doubly-distilled reagents were used,
and precautions were taken during sample preparation
and dissolution to avoid contamination. Replicate
analyses of standards and samples indicate that results
are accurate to 2-8% (depending on the element).
Detection limits range between 0.001 and 0.01 X chon-
drite; element concentrations in C1 chondrite are from
Sun & McDonough (1989). Results of whole-rock
trace-clement analyses performed by ICP-AES and
ICP-MS are presented in Table 6.

MINERAL CHEMISTRY

In terms of spinel, orthopyroxene and olivine composi-
tions, the pyroxenite intrusions show a wide compositional
range that contrasts with their peridotite hosts, which
have narrower compositional ranges (Figs. 2, 3 and
4). The compositional range seen in minerals of the host
peridotites is characteristic of extremely residual
ophiolitic mantle (Dick 1977, 1989, Hamlyn & Bonatti
1980, Dick & Fisher 1984, Michael & Bonatti 1985,
Smith & Elthon 1988).

Spinel grains in pyroxenitic intrusions show large
variations in their Cr/Al and Mg/Fe values (Table 1).
The Ti content of spinel (<0.1 wt.% TiO,) from all
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pyroxenite dykes is low and near detection limits. On
the basis of Cr/Al and Mg/Fe values of the spinel,
orthopyroxenite dykes can be divided into two subtypes
(Fig. 2): type-I orthopyroxenites S3-O, $6-0, S7-0O,
88-0 and S9-O form a first group; these samples
contain Cr-rich spinel comparable in composition to
that observed in boninites. Type-II orthopyroxenites
S5-0 and S10-O form a second group, in which the
spinel has higher Al and Mg contents, which are com-
parable to those in spinel from backarc-basin basalts.
Spinel grains in type-III websterite S4-W are signifi-
cantly richer in iron and plot apart from both groups.
Type-IV clinopyroxenites S1-C1 and $2-C contain
high-Al Mg-rich spinel. In terms of their spinel chem-
istry, composite veins S1-CV1 (type-IV suite) and
S5-CV (type-II suite) plot between their respective
suite and type-I orthopyroxenite suite. Spinel composi-
tions from type-IV clinopyroxenites to type-II
orthopyroxenites and to type-I orthopyroxenites $9-O
and S8-O form a general trend of marked Cr-enrich-
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TABLE 1. REPRESENTATIVE COMPOSITIONS OF

SPINEL
Sample §2-C $50 S§5CV 860
Type' cpxite opxitell comp  opxitel
TiO, (wt.%) 0.04 0.02 0.05 0.12
ALO; 4503 3594 1752 1437
FeO 1589 1484 1869  22.09
Fe,05" 2.52 0.66 1.63 2.91
MgO 1514 1487 1077 847
Cr,0s 1997 328  5L11 5195
MnO 0.21 0.11 0.09 0.12
Total 9932 9930  99.86  100.03
Cr/Cr+Al 0220 038 0662 0708
Fe*/Fe*+Mg 0371 0359 0493  0.59%

* Notes: cpxite, clinopyroxenite; webs, websterite; comp,
composite vein; opxite I, Type I orthopyroxenite; opxite I,
TypeH"”L se ot 1. d from. i y.

ment coupled with slight Fe-enrichment similar to the
trend shown for spinel compositions during increasing
partial melting of mantle peridotite (Dick & Bullen
1984). However, spinel in type-IV pyroxenites has, on
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Fia. 2. [Cr/(Cr + AD)] versus [Fe*/(Fe* + Mg)] of spinel from pyroxenite dykes. Dashed fields enclose suites of type-1, type-II,
type-IIl and type-IV pyroxenite dykes. Also shown are data for spinel from NAMM mantle peridotites (grey field), after
Varfalvy et al. (1996), boninites after Dick & Bullen (1984), and backarc basalts after Dick & Bullen (1984) and Hawkins
& Melchior (1985). Arrows indicate trends shown for spinel compositions during partial melting of mantle peridotite (black
arrow) and for fractional crystallization of olivine (white arrow), after Dick & Bullen (1984). The heavy black arrow
represents the fractionation trend observed for spinel in the lower crust ultramafic cumulates of the Appalachian Thetford

Mines ophiolite (T.M.O.; Laurent & Kacira 1987).
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average, a slightly higher Fe content than that in type-IT
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TABLE 2. REPRESENTATIVE COMPOSITIONS OF

orthopyroxenites, which could be attributed to olivine ORTHOFYROXFI®
fractionation. On the other hand, spinel in type-I ortho- %";‘eﬁl"' i;ﬁi o:)itfﬂ S;’n(i: oxs);fgl
pyroxenites, from S9-O to S8-0 and to S6-0, form a SO W% 5549 5595 5690 5720
trend of marked Fe-enrichment coupled with slight Cr- TiO, 002 000 000  0.00
depletion. Variations of spinel compositions within a ALOs 247 263 L7 088
given sample, for all type-I orthopyroxenites, also de- FMfo 365?256 363‘?& 364?113 35‘;?9
fine this Fe-Al-enrichment trend. This trend is similar Ca0 092 092 102 101
to the trend observed for chromian spinel in the lower- P M R m
crust ultramafic cumulates of the Appalachian Thetford MaO o1 017 022 ol
Mines ophiolite (Laurent & Kacira 1987) and is consistent Total 99.09  99.87  99.92  99.92
with a trend imposed by the fractional crystallization of En 8873 8931 8926 8967
olivine. Spinel compositions in type-IIl websterite f,jo ?ig ?:3;’ igg ﬁg
S4-W, richer in Fe and Al, fall on the extension of the Mg/MgtFe® 0903 0909 0910 0914
trend formed by type-I orthopyroxenites, and so could Tsce notes in Table 1.
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from the Tonga trench (Falloon et al. 1989). Symbols are the same as in Figure 2.
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be related to them by a fractional crystallization rela-
tionship.

The orthopyroxene in pyroxenitic intrusions is
enstatite-rich (Eng;_gs, Table 2), and its Ca content is
very low (average <1.0 wt.% Ca0). Its TiO, and NaO,
contents are respectively <0.05 and <0.1 wt.%. Al and
Fe contents correlate with those of their associated
spinel. Type-I orthopyroxenites have Al-poor
orthopyroxene similar to orthopyroxene phenocrysts
found in boninites, whereas orthopyroxene in type-II
orthopyroxenites and type-IV clinopyroxenites are
richer in Al (Fig. 3). Here again, composite veins (type-
IV S1-CVI1 and type-Il S5-CV) plot between their
respective suite and type-I orthopyroxenite suite.
Orthopyroxene compositions, from type-IV clinopy-
roxenites to type-II orthopyroxenites and to type-I
orthopyroxenites $9-O and S8-0, form a general trend
of Fe—-Al-depletion roughly compatible with increasing
partial melting of mantle peridotite (Smith & Elthon
1988). However, orthopyroxene in type-IV clinopy-
roxenites show higher Fe-contents, which could be
attributed to olivine fractionation. As well, the continu-
ous trend of marked Fe enrichment and less marked Al
enrichment among the orthopyroxene compositions of
type-I orthopyroxenites, which is similar to the boninite
trend, is consistent with a trend imposed by fractional
crystallization of olivine. Orthopyroxene compositions
in type-IIl websterite S4-W are richer in Fe and Al,
falling on the extension of the type-I trend, and so could
be related by a fractional crystallization relationship to
type-I orthopyroxenites. It is noteworthy that for type-I
and type-III suites, clinopyroxene becomes an impor-
tant modal phase only in the intrusions with aluminous
and iron-rich pyroxenes (type-I orthopyroxenite S3-O
and type-III websterite S4-W). If this trend is caused by
fractionation, then the clinopyroxene-bearing intru-
sions crystallized from its most evolved members.

The clinopyroxene in the pyroxenitic intrusions is
nearly pure diopside (En,s;Wo0.44, Table 3). Its TiO,
and NaO,contents are respectively <0.1 and

TABLE 3, REPRESENTATIVE COMPOSITIONS OF

CLINOPYROXENE
Sample §1-C1  §3-0  S4W 5100
Type* cpxite  opxitel  webs  opxite Il
Si0; (wt.%) 5235 5369 5358 5337
TiO, 0.11 0.04 0.04 0.02
ALO; 3.37 1.43 2.07 2.36
FeO 2.80 2.65 3.39 2.00
MgO | 1725 1755 17177 1758
CaC 23.00 2355 2240  24.00
Na,O 0.30 0.23 0.10 0.09
Cr:0s 0.66 0.68 0.53 0.87
Mno 0.10 0.08 0.09 0.09
Total 99,94 9995 9999  100.42
En 4879 4879 4967  48.90
Fs 4.44 4.13 531 312
Wo 4676 4707 4502 47.98
Mg/Mg+Fe® 0917 0922 0903 0.940

* see notes in Table 1.
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<0.3 wt.%. Its Al and Fe contents correlate with those
of their associated orthopyroxene and spinel. The Al
contents of clinopyroxene in type-I orthopyroxenites
and type-III websterite S4—W, respectively, range
between 0.7 and 1.9 wt.% Al,O;[with Mg# in the
range 0.90-0.94; Mg# = 100 Mg/(Mg + Fe?), with
total iron expressed as Fe?*], and between 1.2 and
2.2 wt.% AlO; (with Mg# in the range 0.88-0.92).
These Al contents are comparable to those of clino-
pyroxene phenocrysts in boninites from the northern
termination of the Tonga trench (0.9-1.8 wt.% ALQ;,
with Mg# in the range 0.86-0.91; Falloon et al. 1989,
Sobolev & Danyushevsky 1994), but are distinct from
other western Pacific boninites, which have less
magnesian pyroxene phenocrysts (Falloon ez al. 1989).
The Al content of clinopyroxene in type-II orthopy-
roxenites and type-IV pyroxenites, respectively, range
between 1.4 and 2.8 wt.% ALO; (with Mg# in the
range 0.93-0.94) and between 1.8 and 3.6 wt.% Al,O;
(with Mg# in the range 0.91-0.93). These Al contents
are comparable to those of Al-poor clinopyroxene
phenocrysts in arc tholeiites from Manam island
(1.2-2.6 wt.% Al,O;, Mg# in the range 0.84-0.89;
Johnson et al. 1985), in backarc tholeiites from the Lau
basin (2.2-4.8 wt.% AL,O;, Mg# in the range
0.82-0.90; Hawkins & Melchior 1985) and in boninites
from the upper lava sequence of the Troodos ophiolite
(1.3-4.9 wt.% Al,0;, Mg# in the range 0.75-0.91;
Bednarz & Schmincke 1994). Clinopyroxene composi-
tions from the type-II orthopyroxenites and type-IV
pyroxenites have, however, much higher Mg-numbers
than the Manam, Lau or Troodos occurrences listed.

The Mg/Fe value of olivine in the pyroxenite intru-
sions correlates with that of their associated pyroxenes
(Table 4, Fig. 4). However, the Ni content of olivine in
type-II pyroxenites (0.35-0.55 wt.% NiQ) is unexpect-
edly higher than in Al-poor type-I orthopyroxenites
(typically <0.40 wt.% NiO), which is inconsistent with
increasing partial melting of peridotite from type-II
pyroxenites to type-I orthopyroxenites. Olivine in type-IV

TABLE 4. REPRESENTATIVE COMPOSITIONS OF

OLIVINE

Sample §2-C  85-CV  S8-0 §10-0
Type! cpxite comp  opxite] opxite Il
Si0, (wt.%) 40.56 40.75 40.67 40.51
FeO 10.14 9.25 8.75 8.90
MgO 48.49 49.12 49.66 49.74
MnQO 0.18 0.18 0.16 0.14
NiO 0.44 0.57 0.25 0.46
Total 99.81 99.87 99.49 99.75
Fo 89.34 90.27 90.85 90.75
Mg/Mg+Fe®*  0.895 0.904 0.910 0.909

! see notes in Table 1.
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FIG. 4. Forsterite content versus NiO wt.% of olivine from pyroxenite dykes. Dashed fields enclose suites of type-I, type-II,
type-III and type-IV pyroxenite dykes. Also shown are the data for olivine from NAMM mantle peridotites (grey field), after
Varfalvy et al. (1996). The scaled arrow is a calculated olivine fractionation curve, from 0 to 10% of crystallization. The
olivine/liquid Fe-Mg exchange-reaction coefficient used was 0.30 (Roeder & Emslie 1970). The olivine/liquid partition
coefficient for Ni was calculated using the following equation (for Fo, > 0.65) [*Vi4Dy; = —0.8480769 X (100 X Fo,) +
87.37307692] from Budahn (1986). The °'Dy; varied from 10.7 to 13.5, for 0 to 10% of crystallization. Symbols are the same

as in Figure 2.

pyroxenites is, on average, more Fe-rich than in intru-
sions of types I and II, but contains significant Ni
(0.30-0.45 wt.% NiO). Olivine compositions in
pyroxenites of types I, II and IV define a general trend
of Fe-enrichment and Ni-depletion roughly compatible
with olivine fractionation (Fig. 4). Fractionation proc-
esses could link olivine within composite vein S5-CV,
orthopyroxenite S10-O (with the exception of one
analysis), clinopyroxenite S2-C, and within orthopyrox-
enite S9-O to those in S8-0, and olivine from the rim
(higher Ni-content) and core of orthopyroxenite S6-O.
Olivine in type-III websterite S4-W is significantly
more Fe-rich than in the other intrusions, and does not
fall along the main olivine-fractionation trend. Contrary
to inferences made from spinel and pyroxene chemis-
try, olivine in websterite S4—W is too Ni-rich to have it
fractionated from a type-l orthopyroxenitic magma,
like in the case of orthopyroxenite S9-O. However,

type-III and type-IV dykes contain modal Fe-Ni sul-
fides, whereas type-I and type-Il dykes do not. It is
possible that postcumulus Ni-enrichment in olivine
occurs within dykes that accumulated significant
amounts of immiscible droplets of Fe-Ni sulfide.

‘WHOLE-ROCK CHEMISTRY

Major- and trace-element compositions of NAMM
pyroxenite dykes (Tables 5, 6) reflect their modal
mineralogy and the refractory composition of their
minerals. Pyroxenite dykes have high Mg-numbers
(between 0.88 and 0.92), high Ni (520-1650 ppm)
and Cr contents (2600-6000 ppm), low ALOs;
(1.1-2.8 wt.%), Na,O (0.02-0.24%), K,0 (0.03-0.08%)
and TiO, (0.01-0.09%). They show, on average, a
higher content in Al,O; than pyroxenite dykes that
belong to the low-Al Lewis Hills suite, whereas the
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clinopyroxene-rich dykes show Al,O; contents similar
to those of clinopyroxenite and websterite dykes that
belong to the high-Al Lewis Hills suite (Edwards 1991;
Fig. 5).

Type-I orthopyroxenites are characterized by low
CaO and ALOj; contents and high Mg# (Fig. 5). They
are also characterized by a general trend, from orthopy-

THE CANADIAN MINERALOGIST

roxenite S9-0 to S3-0, of enrichment in Fe, Ca, Al,
Na, Ti, V and Sc, coupled with Mg, Cr and Ni depletion
(Fig. 5, Tables 5, 6) attributable to olivine + spinel
fractionation. Type-III websterite S4-W and web-
steritic composite vein S1-CV2 show lower Mg#, Cr
and Ni contents and higher contents of Fe, Ca, Al, Na,
Ti, V and Sc. They roughly fall along the type-I

TABLE 5. WHOLE-ROCK MAJOR-ELEMENT COMPOSITIONS, PYROXENITE DYKES, NORTH ARM MOUNTAIN MASSIF

Sample S1-C1 §1-C2 S1-CV1 81-CV2 §3-0 $4-W 850 S85CV S6-0 §7-0 S80 8§90 S0 SI11-0 1d le
Type* cpxite cpxite comp comp opxitel webs opxite Il comp® opxite] opxite I opxite] opxite I opxite Il opxite [l harz® lherz*
Si0, (Wt.%) 49.03 4876 4427 5051 5219 51.54 4958 5232 5057 4927 5207 4796 4979 4932 | 3757 3877
TiO, 0.09 0.05 0.03 0.04 0.03 0.04 0.04 0.03 0.02 0.04 0.02 0.02 0.02 0.01 : 0.01 0.02
AlOs 2.78 1.85 1.70 1.63 1.33 1.48 277 1.10 0.90 0.95 111 0.63 1.57 1.69 : 0.57 1.38
Fe 04 442 466 684 570 783 548 666 712 800 681 664 669 646 721 1 793 8.04
MnO 0.10 0.10 0.13 0.13 0.16 0.13 0.12 0.14 0.15 0.14 0.13 0.12 0.12 0.13 } 0.11 0.12
MgO 2237 2356 3062 23.98 3152 2145 3525 3571 3519 33.66 3432 3649 3498 36951 39.87 38.96
Ca0 1543 1517 606 1166 206 1607 122 131 0.72 0.90 1.05 0.55 1.38 1.10 : 0.66 141
Na,0 0.24 0.14 0.08 0.11 0.04 0.23 0.15 0.05 0.03 0.05 0.03 0.02 0.07 0.04 : 0.00 0.08
K0 0.06 0.05 0.05 0.04 0.05 0.07 0.06 0.07 0.06 0.06 0.05 0.05 0.08 0.03 1 0.00 0.00
P,0s 0.17 0.18 0.17 0.14 0.18 0.20 0.18 0.18 0.18 0.18 0.17 0.17 0.18 0.00 : 0.01 0.01
LOI 3.38 533 8.84 272 2.09 1.26 2.02 1.78 4.20 6.66 0.84 6.91 3.30 3.18 1 12.80 9.82
Totat 99.19 10097 99.63 9722 9820 98.92 9897 100.70 100.62 9946 9731 100.64 99.04 99.66 : 99.52  98.60
Mg# 90.93 90,92 89.86 8928 88.85 8857 9129 90.85 8970 90.73 9110 91.53 9147 91.03 90.70 90.56
nd: not determined (below detection limits); * see notes in Table 1; ? orthopyroxenitic margin of composite vein $5-CV; * analysed total iron;

* 100*Mg/(Mg + Fe*), Fe* as total iron; * average composition of harzburgites (NAMM unit 1d) and lherzolites (NAMM unit ).

TABLE 6. WHOLE-ROCK TRACE-ELEMENT CONCENTRATIONS, PYROXENITE DYKES, NORTH ARM MOUNTAIN MASSIF
Sample $1-C1  81-C2 SI-CVI 81-CV2 S3-0 S84-W S50 S5-CV 860 §7-0 S§8-0 8§90 8100 S11-0 ud le
Type' cpxite cpxite comp comp opxitel webs opxite Il comp* opxitel opxite] opxite I opxiteI opxite Il opxite II harz® lherz®
Sc (ppm) 47 51 26 46 21 49 22 12 9 13 11 8 19 - - -
v 190 162 90 160 83 160 114 51 34 48 49 39 84 -2 54
Cr 4378 3698 3216 2664 3727 3505 4565 3827 2964 3423 5364 5802 6005 - 'I 1389 1872
Ni 1085 1528 1647 604 818 519 1238 1385 942 805 803 1280 1282 - : 2063 1946
Rb (ppb) 231 85 201 165 187 89 77 58 133 108 56 109 83 149 : 40 128
Sr 4425 5033 3303 2839 964 4143 382 433 719 1144 431 636 606 453 1 823 683
Zr 1532 865 1181 742 903 725 129 131 632 293 760 299 310 324 : 99 42
Nb 59 55 45 45 14 50 34 38 44 12 42 58 29 13 : 40 24
Cs 59 13 74 36 25 22 19 11 32 47 9 70 47 187 ( 10 19
Ba 357 590 640 2246 4319 176 1043 170 1135 2950 1990 1133 850 1530 : 965 449
La nd 428 1469 60.8 3903 ad nd nd 263.0 660 3564 1934 2238 88651 70.0 38
Ce nd 1746 5531 2357 14229 50 nd nd 886.1 2575 12423 6606 583.8 17143 : 126.9 310
Pr 65.0 482 4.8 424 21.4 50.9 14 3.5 14.8 4.6 16.% 9.0 288 14701t 107 0.6
Nd 3158 1822 1795 1652 639 1807 6.4 126 454 10.9 51.0 26.0 70.7 3586 : 316 7.7
Sm 202.3 1102 623 68.1 16.0 71 4.6 58 9.7 51 8.8 58 4.3 2.8 : 38 49
Eu 83.1 441 227 24.0 4.0 248 18 1.8 1.5 0.6 0.4 nd 0.9 04 1 01 1.4
Gd 426.5 213.7 1012 1065 334 1078 120 10.1 252 9.0 313 16.3 58 nd : 48 10.2
Tb 91.0 439 204 231 6.0 229 4.2 3.0 22 2.0 2.5 0.9 1.1 0.1 1 06 3.6
Dy 6850 3415 1595 189.3 547 1806 467 314 19.9 19.0 20.9 93 134 8.3 : 4.9 373
Ho 1532 751 36.2 45.2 14.4 43.0 13.9 8.5 5.1 58 5.6 27 42 15 : 11 10.6
Er 463.1 2316 1216 1485 557 1446 573 342 20.6 25.1 23.2 11.5 22.5 142 1 57 40.9
Tm 67.0 33.6 19.8 2479 10.2 23.3 11.0 6.6 42 5.1 47 2.5 5.1 3.6 : 1.2 78
Yo 420.1 216.1 1364 1682 839 1674 949 53.0 33.0 428 39.2 203 49.8 360 t 113 61.7
Lu 66.0 345 23.6 30.3 16.2 293 18.1 10.3 6.8 8.6 8.1 42 10.8 87 : 2.9 12.1
Huf 78.9 377 382 322 250 32.4 4.3 4.4 14.5 15 17.2 6.9 6.5 73 : 1.3 2.0
Ta nd nd nd nd nd nd nd nd 0.2 nd nd 0.4 nd nd | 06 0.0
Th 17 2.0 4.0 83 8.0 0.8 0.1 0.6 11.0 4.5 57 4.0 15 3.6 } 1.1 0.9
U 26 1.5 18 14 1.6 12 1.9 0.8 34 1.7 1.0 12 3.9 0.9 11 0.9

nd: not determined (below detection limits); * see notes in Table 1; * orthopyroxenitic margin of composite vein $5-CV;
* average composition of harzburgites (NAMM unit 1d) and lherzolites NAMM unit 1e).
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orthopyroxenite trends for these elements, and so could
be related to them by fractional crystallization, which is
consistent with inferences made from spinel and
pyroxene chemistry. On the other hand, type-II
orthopyroxenites $5-0, $10-0 and S11-O are charac-
terized by high Mg# and low CaQ, but are principally
distinguished from type-I orthopyroxenite by their high
ALO; contents (Fig. 5), although they also show
slightly higher contents in Na,O, CaO, Ni, Sc and V.
The orthopyroxenitic margin of type-II composite vein
S5-CV shows a high Mg# and Ni content, and slightly
higher CaO content, like the other type-II orthopy-
roxenites, but Sc and V contents similar to type-I
orthopyroxenites. Its Al,Os;and Na)O contents are
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between those of types-I and -II orthopyroxenites.
Type-1V clinopyroxenites S1-C, S1-C2 and composite
vein S1-C1 are distinguished from type-IIT pyroxenites
by their high Al,O;contents coupled with their high
Mg# and Ni contents, supporting observations made
from mineral chemistry. Clinopyroxenites S1-C1 and
S1-C2 also show a slightly higher TiO, content than
the other pyroxenites.

NAMM intrusive pyroxenites contain low concen-
trations of incompatible trace elements, generally
between 3 and 0.01 times chondritic values, and strong
depletions in Ta (Table 6, Fig. 6). Trace-element pat-
terns among the NAMM pyroxenite dykes are of two
sorts: type-I and type-II orthopyroxenitic dykes show
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FiG. 5. Whole-rock Al,O; content versus Al,05/CaO wt.% ratios of pyroxenite dykes. Dashed fields enclose suites of type-I,
type-1II, type-IIl and type-IV pyroxenite dykes. Numbers near symbols represent Mg# values of pyroxenite dykes [Mg# =
100 X Mg/(Mg + Fe?*), total iron as Fe?*]. Also shown are data (grey fields) for Lewis Hills massif orthopyroxenite dykes
of the low-Al suite (LH1), olivine clinopyroxenite, clinopyroxenite and websterite dykes of the low-Al suite (LH2), and
olivine clinopyroxenite dykes of the high-Al suite (LH3), from Edwards (1991) and Edwards & Malpas (1995).



THE CANADIAN MINERALOGIST

554

Rock / Chondrite

Rock / Chondrite

10

0.1

0.01

10

0.1

0.01

0.001

TTTTIT

T

T

T

llllll]

Type I

T T

Orthopyroxenites

AR
LLLRL)

§l
T

1 llll|ll

T T T

T ¢ 7T T T T 7T

ype II
Orthopyroxenites

| IIII[Il

LI

H

: ] .
o T , NAMM depleted
- I 4 spinel harzburgites -
= H T L L. 4 fromunitslc&1d -
- NAMM depleted spinel harzburgites T NAMM depleted spinel lherzolites B
from units 1c & 1d from unit le
L 1 Il 1 1 1 1 ] 1 1 1 ! 1 I I 1 1 1 i 1 1 L I 1

E T T T T T T T T T T T T T T T T T T T 4 T T L) T T =
E c) ypelll  Fd) 3
- Websterites I ]
E / ES 3
o | T 3
C { T ]

~- —— ]

!
=TT SI-C1 vS4W 0S80 E E
g +S1C2 wSs0  AS0| I Type IV ]
- + S81-CV1 x S5 S10-0( T 3 . -
- % S1-CV2 0 860 2 S11-0| T O_Eowﬁow..ob_ﬂom . 7
- ¢ 830 V8§10 T & Websterites a1 T

1 1 1 1 1 1 A 1 1 I L m L 1 1 1 1 1 1 1 1 1 1 w 1 1 L — 1 1 L 1 L _y 1 1 1 1 L 1 L i 1
Cs Ba U Ta Ce Nd Zr Eu Gd Dy Er Yb Cs Ba U Ta Ce Nd Zr Eu Gd Dy Er Yb
Rb Th Nb La St Sm Hf Ti Tb Ho Tm Lu Rb Th Nb La St Sm Hf Ti Tb HoTm Lu



PYROXENITE DYKES, BAY OF ISLANDS OPHIOLITE

U-shaped patterns relative to chondritic values, with
strong [MREE/HREE]y fractionation (MREE: middle
rare-earth elements, such as Sm and Eu, HREE; heavy
rare-earth elements, such as Yb and Lu) and relatively
high LILE contents (large-ion lithophile elements, such
as Rb, Ba, Th and U); types-III and -IV clinopyroxene-
rich dykes show flatter to concave-downward trace-
element patterns, with near-chondritic values and less
important relative LILE and LREE (light rare-earth ele-
ments, such as La and Ce) enrichments, compared to
orthopyroxenitic dykes.

Type-1 orthopyroxenites are characterized by
strongly fractionated U-shaped REE patterns relative to
chondritic vatues: their [La/Sm]y values range between
8 and 26, their [Eu/Yb]y values are <0.14, and their
[Tb/Yb]y values range between 0.21 and 0.33 (Fig. 6a).
The normalized REE profiles of S9-O, S8-0 and S6-O
are also characterized by a positive anomaly for Gd
relative to Tb. Normalized profiles for type-I ortho-
pyroxenite are also characterized by strong positive
anomalies for Zr, Hf, and Tj relative to the MREE.
Type-I orthopyroxenites form a set of roughly parallel
normalized patterns, orthopyroxenite S9-O showing
the lowest concentrations, and S3-O orthopyroxenite,
the highest (among the type-I suite). This trend is con-
sistent with fractional crystallization, supporting infer-
ences made from mineral chemistry and major- and
transition-element chemistry. The concordance between
chondrite-normalized patterns for type-I orthopy-
roxenite and those of depleted hosting harzburgites
from NAMM units 1c¢ and 1d is noteworthy, though the
absolute trace-element abundances in orthopyroxenites
are slightly higher than in the host harzburgites.
Patterns for type-1 orthopyroxenite are comparable,
although at significantly higher trace-clement abun-
dances, to those of the low-Al Lewis Hills orthopy-
roxenite dykes (Edwards 1991; Fig. 6¢).

Type-1II orthopyroxenites S10-O and $11-O have
very similar chondrite-normalized profiles to those of
the type-I suite (Fig. 6b). They are characterized by
strongly fractionated U-shaped REE patterns relative to
chondritic values, and by strongly positive anomalies
for Zr, Hf, and Ti relative to the MREE. They are,
however, characterized by an even more strongly frac-

Fic. 6. Chondrite-normalized REE abundance patterns for
a) type-I orthopyroxenite dykes, b) type-II orthopyroxzenite
dykes, ¢) type-III websterite dykes, and d) type-IV clinopy-
roxenite and websterite dykes. Also shown are data fields
for NAMM host depleted spinel harzburgites from units 1c
and 1d [background dark grey field in a) and b)], NAMM
host depleted spinel lherzolites from unit 1e [pale grey
field in b)] and Lewis Hills massif pyroxenite dykes, from
Edwards (1991) and Edwards & Malpas (1995) (grey fields
in d); see caption to Figure 5. Dashed lines link values
below detection limits. Normalization values to chondrite
C1 are from Sun & McDonough (1989).
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tionated REE pattern relative to chondrite: their
[La/Sm]y values are respectively (810-O and S11-O)
33 and 203, their [Ew/Ybly values are 0.06 and 0.03,
and their [Tb/Yb]y values, 0.10 and 0.02. Their normal-
ized REE profile also distinguish them from those of the
type-I suite by a positive anomaly for Nd relative to Sm.
Type-II orthopyroxenite S5-W has higher MREE,
HREE and Ti contents than S10-0 and S11-0 orthopy-
roxenites but has, like them, a strongly fractionated
chondrite-normalized profile for these elements, show-
ing a strong positive anomaly for Ti relative to MREE,
alow [Ew/Yb]y value of 0.05, and a low [Tb/Yb]y value
of 0.20. Orthopyroxenite S5-O, however, differs from
the other type-I and type-II orthopyroxenites by having
a [La/Sm]y value less than 1 and by not showing sig-
nificant Zr and Hf anomalies relative to the MREE. The
chondrite-normalized profile of the orthopyroxenitic
margin of the type-II composite vein S5-CV is remark-
ably similar to that of orthopyroxenite S5-O, though it
has slightly lower HREE contents and a slightly less
fractionated HREE profile, with a [Euw/Yb]y value of
0.10 and a [Tb/Yb]y value of 0.26. The concordance
between chondrite-normalized patterns for type-II ortho-
pyroxenites S5-O and S5-CV and those of the depleted
host lherzolites from NAMM unit le is noteworthy,
depleted Iherzolites of unit le showing higher HREE
contents than the NAMM harzburgites, with more frac-
tionated [MREFE/HREE]y profiles, and no La and Ce
enrichment (Varfalvy et al. 1995).

Type-1II websterite S4—W and composite vein
S1-CV2 are characterized by [La/Sm]y values less than
1 and moderately fractionated MREE and HREE pat-
terns at near chondritic values, with [Eu/Yb]y values of
0.43 and 0.42, respectively, and [Tb/Ybly values of
0.62 (Fig. 6¢). They are also characterized by moderate
negative anomalies for Zr and Hf relative to the MREE.
They resemble clinopyroxenite and websterite dykes of
the low-Al Lewis Hills suite (Edwards 1991; Fig. 6d).
Type-IV clinopyroxenites S1-C1 and S1-C2 display
concave-downward chondrite-normalized patterns
(Fig. 6d), with trace-element abundances higher than in
the pyroxenites described above. They both show
nearly flat HREE profiles, with [Tb/Yb]y values of
0.99 and 0.92, respectively, moderately fractionated
[MREE/HREE]y profiles, with [Eu/Yb]y values of
0.58 and 0.60, respectively, and [La/Sm]y values less
than 1 (Fig. 6d). They are also characterized by nega-
tive anomalies for Zr, Hf and Ti relative to the MREE.
Their normalized profiles resemble, at lower REE con-
tents, those of clinopyroxenite dykes that belong to the
high-Al Lewis Hills suite (Edwards 1991; Fig. 6d).
Type-IV composite vein S1-CV1 presents a slightly
concave-upward chondrite-normalized pattern, with
[La/Smly, [Euw/Ybly and [Tb/Yb]y values of 1.52,
0.49 and 0.68, respectively (Fig. 6d). It has trace-ele-
ment abundances very similar to those of the type-II
pyroxenites described above, without Zr, Hf or Ti
anomalies relative to the MREE, however.
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NATURE OF RELATED MAGMAS

The NAMM pyroxenitic dykes and their constituent
minerals are characterized by low contents of Al, Na,
K, Ta, Zr, Hf, Ti and the REE, high Mg-numbers, high
Cr and Ni contents, and LILE enrichment relative to less
incompatible elements. Liquids calculated to be in equi-
librium with olivine and the pyroxenes in these
pyroxenite dykes have high Mg-numbers, comprised
between 0.64 and 0.78 (Varfalvy er al. 1996). These
Mg-numbers are much higher than those of natural
primitive MORB glasses, which are rarely greater than
0.65 (Sinton & Detrick 1992). Mg-numbers greater
than 0.65 are more characteristic of subduction-related
basalts (Hawkins 1977, 1980), and are usually inter-
preted to result from remelting of a depleted mantle-
wedge source (Pearce 1982, Duncan & Green 1987).
The calculated Ni content of liquids inferred to be in
equilibrium with olivine of the NAMM pyroxenite
dykes varies from 120 to 400 ppm (Varfalvy et al.
1996; see caption to Fig. 4 for K, used). Such high Ni
contents are not typical of oceanic ridges, since MAR
basalts average 123 ppm Ni (Hawkins 1977). Ni
contents greater than 200 ppm are more commonly
observed in island-arc tholeiites, backarc tholeiites,
subduction-related magnesian quartz tholeiites and
highly magnesian andesites, including typical boninites
(Hawkins 1977, Beccaluva & Serri 1988, Crawford
et al. 1990). The high Mg-numbers and Ni contents of
liquids from which the NAMM intrusive pyroxenites
precipitated, coupled with their refractory chemistry
and strongly depleted trace-element abundances,
support the hypothesis that the relevant magmas were
generated in a supra-subduction-zone environment.
The absence of amphibole in most NAMM pyroxenite
dykes does not necessarily imply a dry system. The
high temperatures recorded in the pyroxenes (1050°—
1100°C; single pyroxene geothermometer of Mercier
1980) likely reflect the minimum ambient temperature
of the upper mantle during pyroxenite emplacement
(Varfalvy et al. 1996). We suggest that amphiboles
may not have formed, even if the magma was hydrous,
because temperatures were too high (Boyd 1959,
Kushiro et al. 1968, Green 1973, Jenkins 1983).

Textural observations, and whole-rock and mineral
compositional variations, suggest that the magmas that
formed the NAMM pyroxenites initially had olivine,
orthopyroxene and chromian spinel on the liquidus, and
that fractionation of these phases led to progressive enrich-
ment in Ca and eventual saturation in clinopyroxene.
The zonation of pyroxenite intrusions from an olivine-
and orthopyroxene-rich margin to a clinopyroxene-rich
core supports this sequence of crystallization. This early
precipitation of orthopyroxene implies that the liquids
from which most NAMM pyroxenites precipitated were
saturated to oversaturated in silica (Morse 1980,
Kushiro 1969) and likely had an andesitic SiO, content,
greater than 55 wt.% (Varfalvy et al. 1996).
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In order to better study the melts related to the
NAMM pyroxenites and compare these with lavas, we
use the inferred composition of liquids that were in
equilibrium with these pyroxenites, obtained by mass-
balance calculations according to the method of Bédard
(1994). We used the partition coefficients compiled by
Bédard (1994). The calculations involve a trapped
melt component. Textural and mineralogical data
allow the trapped melt fraction to be constrained.
Specifically, there is a low modal proportion of intersti-
tial clinopyroxene in the orthopyroxenites, and Fe-Ni
sulfides or retrograde amphiboles, where present, form
less than 1% of the rocks. On the basis of these obser-
vations, we assumed the trapped melt component for
the calculations to be 1% in the NAMM intra-mantle
pyroxenitic intrusions. The normative compositions
used for the calculations is made of variable proportions
of olivine, orthopyroxene, clinopyroxene and chromian
spinel. Calculations show that the trace-element con-
tents of the calculated melt increase with a decrease
in the assumed amount of trapped melt, or with an
increase in the proportion of modal orthopyroxene to
clinopyroxene and olivine to clinopyroxene (Fig. 7).
However, the largest source of error may lie in the
value of the solid/liquid partition coefficients that were
used. The crystal/liquid partition coefficient for ortho-
pyroxene is poorly known. Use of lower partition coef-
ficients of the REE for orthopyroxene, like those
proposed by Kelemen efal. (1990), increases the
absolute abundance of trace elements of the calculated
equilibrium melt, but do not change the shape of the
profile to any significant degree (Fig. 7). Although data
on partition coefficients for olivine and spinel are also
highly variable, these minerals are modally less abun-
dant than the pyroxenes, and so do not affect the shape
of the calculated profiles of the liquid to the same
extent. Crystal/liquid partition coefficient values for
the LILE also are poorly known; there is a vast range
of experimentally determined values of partition
coefficients for the LILE elements in olivine, the
pyroxenes and spinel; the olivine/liquid and ortho-
pyroxene/liquid partition coefficients used for Ba, Nb,
Rb and Cs were simply assumed by Bédard (1994).
Moreover, the effect of serpentinization on these
elements, and the LREE as well, may be important
(considering that they are potentially more mobile), but
is not well understood (Parkinson efal. 1992).
However, we do not observe any significant correlation
between these elements and loss on ignition (taken as
an index of the degree of serpentinization) among the
NAMM dykes. We assume, then, that these elements
were not affected by serpentinization, and that the
calculated LILE and LREE contents likely reflect
those of melts related to the NAMM pyroxenites.
Chondrite-normalized calculated trace-element
concentrations of melts inferred to be in equilibrium
with the NAMM pyroxenites are presented in
Figure 8.
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Liquids calculated to be in equilibrium with type-I
and type-II orthopyroxenitic dykes of the NAMM suite
have extremely low MREE, HREE, Ta, Zr, Hf and Ti
abundances, that range between 0.1 to 3 times chondrite
values; they present U-shaped chondrite-normalized
patterns, with moderate to strong [MREE/HREE]y
fractionation and an important LILFE enrichment rela-
tive to less incompatible elements. They are all charac-
terized by a strong positive anomaly for Ti relative to
the MREE, and a strong depletion in Ta. The chondrite-
normalized REE profiles of melts related to type-I
orthopyroxenites are characterized by [La/Sm]y values
of ~20-65, [Eu/Ybly values of ~0.1-0.5, and [Tb/Yb]y
values of ~0.5-0.8 (Fig. 8a). REE profiles of melts
related to $9-0, S8-0 and S6-0 are also characterized
by a positive anomaly for Gd relative to Tb. Melts
related to type-II orthopyroxenites $10-O and S11-O
are very similar to those related to type-I orthopy-
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roxenites, but show more fractionated REE patterns
relative to chondrite, with [La/Sm]y values of ~80-460,
[Eu/Ybly values of ~0.1-0.2, and [Tb/Yb]y values of
~0.1-0.3 (Fig. 8b). These REE profiles also are distinct
from those of the type-I suite by a positive anomaly
for Nd relative to Sm. Melts related to type-II ortho-
pyroxenitic dykes S5-O and S5-CV (its orthopy-
roxenitic margins) present moderately fractionated
chondrite-normalized REE profiles characterized by
[Eu/Yb]y values of ~0.2-0.3 and [Tb/Ybly values of
~0.5-0.6 (Fig. 8b). We estimate that the [La/Sm]y
values of the liquids should be equal to or less than 1,
since whole rocks with La and Ce abundances
0.01 times chondrite (the detection limit for La and Ce)
would yield calculated liquids with chondritic La and
Ce abundances. Calculated melts in equilibrium with
NAMM orthopyroxenitic dykes reflect fairly well the
trace-element chemistry of the rocks, with, however,
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o i with Kds from Kelemen et al. (1990) |
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Fic. 7. Chondrite-normalized REE abundance patterns representing calculated magmas in equilibrium with two samples of
NAMM pyroxenite: clinopyroxenite S1-C2 (circles) and orthopyroxenite S10-O (squares). REE abundance patterns are
calculated according to the method described in Bédard (1994), assuming 1% of trapped melt. Partition coefficients for
olivine, orthopyroxene, clinopyroxene and spinel are from Bédard (1994) (open symbols) and Kelemen ez al. (1990) (filled
symbols). The grey fields represent, for clinopyroxenite S1-C2 and orthopyroxenite S10-O respectively, calculated normal-
ized abundances in liquid, with the assumed trapped melt component varying from 0% (upper limits) to 5% (lower limits);
partition coefficients used are from Bédard (1994). Normalization values of chondrite C1 are from Sun & McDonough (1989).



THE CANADIAN MINERALOGIST

558

d / Chondrite

.

iqui

.

Calculated LL

d / Chondrite

iqui

Calculated L

1000

100

10

0.1

1000

100

10

0.1

0.01

T TTTTIT

T lIlIllI

T llllllll T lIIlllII

T lllIIII

1% - 10% barch
NAMM deplet

melting of
kd harzburgites

Type I
Orthopyroxenites

[ ]lHIII
L llllIII

1 llllllll lIIHIll
T IHHII

L) IIHIII

[ !Ill[[[
LI Illlll]

[MEERNN
TTTTIT
e’

i
¥

|
T

L1 TR S [

% - 20% batch melting of
NAMM depleted lherzolites

1

L. T T 1 T T T T 17T

ype 11
Orthopyroxenites

Lau back-arc basin
low-Ti tholeiite

I °N

1% - 10% batch melting of

L llllllll ! IIHIIII 1 111111

11 IIIIIII

11 II|II|

TTTTTIT
o
A

T llllllll T ll[lllll

T lHIllI

T lllllll

T T T T T T T T T T T
ype 11

Websterites

I

I B |

thopyroxen

I B

boninites

Ll B AN SN NN S SN SN S N

IIIIIII[ i IIIIIH]
LILILRALLL T IIIHIII

11 IIIIHI
LI lllll[]

1 lIIIIll
7 IIIHII

L

I
T
(=N
~

|
T

!
T

L T T T LE—

1
t
1
j
1
1
1
1
1
1
!
I3
]
1
“
\- Lau back-arc basin
low-Ti tholeiite
+ 1
1
1
L

1 1 i 1 1 _ 1 1

Type IV
Clinopyroxenites & Websterites

Mariana fore-arc
magnesian quartz tholeiite

! ﬁl. arc tholeiites

Dboninites

1 N T S N SR S N N |

NAMM depleted harzburgites |
1 1 I 1 1 1 1 1

1 IIlIIIII ! IIIIIII[ 1t

L IIIIIIII

11 lIIHII

Cs Ba

Rb Th

U Ta

Nb La Sr

Ce Nd

Zr Eu Gd Dy Er Yb

Sm Hf Ti Tb HoTm Lu

Cs_Ba U Ta Ce Nd Zr Eu Gd Dy Er Yb
Sm Hf T3 Tb HoTm Lu

Rb Th Nb La Sr



PYROXENITE DYKES, BAY OF ISLANDS OPHIOLITE

the exception of the positive Zr and Hf anomalies rela-
tive to the MREE, that become subtle to absent in the
calculated liquids.

Liquids calculated to be in equilibrium with type-III
websterite S4-W and websteritic composite vein
S1-CV2 have low MREE, HREE, Ta, Zr, Hf and
Ti abundances, that range between 1 to 3 times chon-
dritic values, and present concave-upward chondrite-
normalized patterns, with slight [MREE/HREE]y
fractionation and a relative LILE enrichment (Fig. 8c).
They are also characterized by a strong depletion in Ta
and slight negative anomalies for Zr and Hf relative to
the MREE. Their REE chondrite-normalized profiles
are characterized by [La/Sm]y values <2.0, [Eu/Ybly
values of ~0.6-0.7, and [Tb/Yb]y values of ~0.75-0.85.
They have variable LILE enrichment relative to less
incompatible elements; melt related to composite vein
S1-C2 show a more important relative LILE enrich-
ment than S4-W websterite, trending to abundances
characteristic of melts related to type-I orthopy-
roxenites. The abundance of REE, Zr, Hf and Ti of
these calculated melts is well below (0.2 to 0.5 times)
typical N-MORB values from Sun & McDonough
(1989). Nor are such low HREE abundances typical of
arc tholeiites and low-Ti subduction-related basalts
(Pearce 1982, Beccaluva & Serri 1988); these rarely
exhibit MREE and HREE abundances lower than five
times chondritic values. Only boninites have such low
HREE contents (Kuroda et al. 1978, Cameron et al.
1979, 1983, Jenner 1981, Hickey & Frey 1982, Walker
& Cameron 1983, Umino 1985, 1986, Beccaluva &
Serri 1988, Crawford et al. 1990, Taylor et al. 1994).
Melts related to type-III websterites and to the most

Fic. 8. Chondrite-normalized abundance patterns for calculated
magmas in equilibrium with a) type-I orthopyroxenite
dykes, b) type-II orthopyroxenite dykes, c) type-III
websterite dykes, and d) type-IV clinopyroxenite and
websterite dykes, assuming 1% of trapped melt. Grey
fields in a) and b) are drawn from calculated liquids result-
ing from 1% (upper limit) to 10% (lower limit) batch
melting of average NAMM depleted spinel harzburgites
from unit 1d (background dark grey field), and 1% (upper
limit) to 20% (lower limit) batch melting of average
NAMM depleted spinel lherzolites from unit le (pale grey
field). The Lau basin tholeiite is from Gill (1976), Hawkins
& Melchior (1985) and Beccaluva & Serri (1988). The
arc-type magnesian quartz tholeiite is from the Marjana
fore-arc and Yap Trench intersection (1438C, Crawford et
al. 1986, Beccaluva et al. 1986, Beccaluva & Serri 1988).
The boninite field (background dark grey field in Figs. 8c
and 8d) is drawn from boninites from Bonin Islands (Tay-
lor et al. 1994), and Izu-Bonin fore-arc (Murton et al.
1992). The arc tholeiite field is drawn from basaits from
the Bismarck island arc (Basaltic Volcanism Study Project
1981). Dashed lines link up values below detection limits.
Normalization values of chondrite C1 are from Sun &
McDonough (1989). Symbols are the same as on Figure 6.
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evolved member of the type-I suite, S3—O orthopy-
roxenite, show trace-element patterns very close to
those of modern boninites, but not identical to them,
since they do not exhibit positive Sr, Zr and Hf anoma-
lies, and negative Nb and Ti anomalies observed in
boninites (Fig. 8c). Moreover, melts related to type-I
orthopyroxenite S3-O and to type-IIl composite vein
S1-CV2 tend to have higher LILE enrichment than
boninites, whereas the melt related to type-III
websterite S4-W has a lower [La/Sm]y value.

Melts calculated to be in equilibrium with type-IV
clinopyroxenites S1-C1 and S1-C2 and websteritic
composite vein S1-CV1 show very similar concave-
upward trace-element patterns, with slight [MREE/
HREE]y fractionation and relative LILE enrichment
(Fig. 8d). They are also characterized by a strong deple-
tion in Ta, and negative anomalies for Zr, Hf and Ti
relative to the MREE. Their chondrite-normalized REE
profiles are characterized by [Eu/Yb]y values of
~0.8-0.9, [Tb/Yb]y values of ~1.0, and variable
[La/Smly values (<1.0 for melts related to the clinopy-
roxenites and ~5 for melt related to S1-CV1 composite
vein). The abundance of MREE, HREE, Zr, Hf and Ti
of these calculated melts is between two and nine times
chondritic values (~0.05 to 0.5 N-MORB values). Such
low abundances of the HREE are not common for
arc tholeiites; ultra-depleted low-Ti subduction-related
tholeiites, such as those found in the Lau backarc basin
(Hawkins & Melchior 1985), will generally present
more fractionated REE profiles (Fig. 8d). Magmas re-
lated to the type-IV pyroxenites, which are, at higher
abundances, very close to those of type-IIl pyroxenites,
resemble modern boninites (Fig. 8d). However, they
are not identical to them, since they exhibit significantly
negative Zr and Hf anomalies (a feature observed in
many island-arc tholeiites: Dupuy ez al. 1982), instead
of the positive Zr and Hf anomalies observed in bon-
inites. Moreover, they do not show a negative Nb
anomaly. On the other hand, melt calculated to be in
equilibrium with type-IV clinopyroxenite S1-Cl,
which has HREE abundances higher than other NAMM
pyroxenites and a lower [La/Sm]y value than that of
typical boninites, may be comparable to highly depleted
magnesian quartz-normative arc tholeiites found at the
Mariana fore-arc and the Yap trench intersection. These
rocks are mineralogically and chemically transitional
between typical primitive island-arc tholeiites and
typical boninites (Beccaluva & Serri 1988; Fig. 8d).

ORIGIN AND EVOLUTION OF RELATED MAGMAS
Nature of mantle sources

No known lavas have HREE contents as low as the
liquids calculated to be in equilibrium with most of the
NAMM orthopyroxenitic dykes. Such low HREE abun-
dances indicate the extremely depleted character of
their mantle source(s). Such depleted magmas could
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result from second-stage, or even third-stage melting of
ultra-depleted mantle sources at shallow depths in the
presence or absence of an H,O-rich fluid, as proposed
by Duncan & Green (1987). To a first approximation
(and according to this model), NAMM lherzolites and
harzburgites have extremely depleted geochemical
signatures (with regard to the moderately incompatible
elements, but not to the LILE) that may be interpreted
as the result of respectively ~25-30% to more than 40%
multiple-stage melt extraction from MORB-related
pyrolite. The high Ni and Cr contents and Mg-numbers
of the orthopyroxenite dykes, coupled with the similar-
ity of their mineral chemistry to that of the host peri-
dotites, are all consistent with the hypothesis that they
are re-melts of depleted NAMM harzburgites and
lherzolites. The high MgO and SiO, contents estimated
for these NAMM melts are also consistent with this
hypothesis, since magmas produced by shallow-level,
hydrous partial melting of depleted peridotites will tend
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to have higher SiO,and MgO contents than those
produced by dry melting of more fertile peridotites
(O’Hara 1968, Elthon & Scarfe 1984, Fujii & Scarfe
1985, Duncan & Green 1987, Hirose & Kushiro 1993).
This hypothesis is in agreement with the general inter-
pretation for the genesis of magnesian quartz tholeiites
to highly magnesian andesites, including boninites,
which are considered to represent re-melts of variously
depleted mantle sources in subduction environments
(Kuroda et al. 1978, Cameron et al. 1979, 1983, Jenner
1981, Pearce 1982, Hickey & Frey 1982, Walker &
Cameron 1983, Umino 1985, 1986, Duncan & Green
1987, Beccaluva & Serri 1988, Crawford et al. 1990,
Kostopoulos 1991, Taylor et al. 1994).

To test this hypothesis for the NAMM dykes, we
generated a series of model liquids by batch melting of
NAMM mantle peridotites. Batch melts of depleted
NAMM spinel harzburgites from unit 1d (average
composition, Tables 5 and 6), and of depleted spinel
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Fi1G. 9. a) Concentrations of Cr versus Yb and b) of Ni versus Yb (all in ppm) in calculated magmas in equilibrium with pyroxenite
dykes, assuming 1% of trapped melt. The grey field in a) is drawn from calculated liquids resulting from 5% to 10% batch
melting of NAMM depleted spinel harzburgites. The large grey arrow indicates the approximate direction of increasing partial
melting of the mantle. Scaled arrows in b) represent calculated melts for 10-40% partial melting of average Balmuccia fertile
spinel lherzolite (FL), 1-20% partial melting of average NAMM depleted spinel lherzolite from unit le (DL), and 1-10%
partial melting of average NAMM depleted spinel harzburgite from unit 1d (DH). Scaled curves represent mixing trend
between a liquid produced by 10% partial melting of average NAMM depleted spinel harzburgite from unit 1d, and calculated
liquid in equilibrium with S1-C1 clinopyroxenite. White arrows are calculated olivine *: spinel (99:1) Rayleigh fractionation
curves from a) 0-60% and b) 0-20% crystallization. Black arrows are calculated clinopyroxene assimilation — olivine + spinel
(99:1) fractionation curves from a) 0-80% and b) 0-20% of crystallization; we assume that the mass of the magma stays

constant. Symbols are the same as on Figure 6.
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Iberzolites from unit le (average composition, Tables 5
and 6), are shown on Figures 8, 9 and 10. Batch
melts of N-MORB-like fertile spinel lherzolites
from Balmuccia (average composition; data are from
Hartmann & Wedepohl 1993) are also shown on
Figures 9 and 10. The terminology used for peridotites
is after Kostopoulos (1991) and refers to different
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Oly,010pX0,08CpX0.7655plo. 145 for fertile spinel lherzolite,
0ly.130pX0,85Splo.o2 for depleted spinel harzburgite, and
0l.100pX0 64CpX0.24Splo o2 for depleted spinel lherzolite
(Kostopoulos 1991). Equilibrium partial melting equa-
tions are from Allegre & Minster (1978). Partition coef-
ficients for olivine, orthopyroxene, clinopyroxene and
spinel are from Bédard (1994), with the exception of the

regimes of mantle melting. Melting proportions are Dy, which was assumed to be constant and equal to 10.
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scaled curve represents a mixing trend between a liquid produced by 10% partial melting of average NAMM depleted spinel
harzburgite from unit 1d, and calculated liquid in equilibrium with S1-C1 clinopyroxenite. The white arrow is a calculated
olivine + spinel (99:1) Rayleigh fractionation curve from 0 to 100% crystallization. The black arrow is calculated clinopy-
roxene assimilation — olivine * spinel (99:1) fractionation curve from 0 to 100% crystallization. Also shown are data fields
for: sanukoids from Setouchi volcanic belt (Tatsumi & Ishizaka 1982), boninites from Bonin Islands (Hickey & Frey 1982,
Cameron et al. 1983), Izu-Bonin fore-arc (Murton ez al. 1992), Mariana trench and fore-arc (Hickey & Frey 1982), and
northern termination of the Tonga trench (Falloon & Crawford 1991, Sobolev & Danyushevsky 1994), boninites from
Troodos ophiolite (Cameron 1985, Bednarz & Schmincke 1994), and arc tholeiites from Kii Peninsula, southwestern Japan
(Miyake 1985), Mariana, Yap and Palau trenches (Crawford et al. 1986, Beccaluva et al. 1986), New Caledonia (Cameron
1989), Bismarck arc (Basaltic Volcanism Study Project 1981, Johnson et al. 1985), New Hebrides arc (Dupuy et al. 1982),
and Aleutians arc (Nye & Reid 1986). Chondrite C1 and N-MORB (open star) values are from Sun & McDonough (1989).
Symbols are the same as on Figure 6.
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With regard to the moderately incompatible ele-
ments, the batch melts produced from the NAMM
mantle are fairly similar to liquids calculated to be in
equilibrium with orthopyroxenite dykes (Figs. 8a, b).
HREE, MREE, Zr, Hf, and Ti abundances in calculated
liquids from type-I orthopyroxenites (except orthopy-
roxenite S3-0) and type-II orthopyroxenites S10-O
and S11-O are roughly similar to those in melts
produced by batch melting (<10%) of depleted harzburg-
ites in the NAMM suite, where no clinopyroxene
melting is involved. This is consistent with the proposal
that these orthopyroxenite-related melts were produced
by batch melting of depleted NAMM harzburgites. On
the other hand, the REE, Zr, Hf, and Ti abundances in
liquids calculated from type-II orthopyroxenite $5-O
and composite vein S5-CV are very similar to those in
melts produced by batch melting (<20%) of depleted
spinel Iherzolites in the NAMM suite (Fig. 8b). Indeed,
the participation of clinopyroxene during batch melting
of these less-depleted sources give melts with higher
and slightly less fractionated HREE abundances.

Reasoning the same way (and assuming that they are
primary melts and not fractionation-related residua),
magmas related to clinopyroxenitic and websteritic
dykes, and to the type-I orthopyroxenite S3-O as well,
could represent melts produced by second- to third-
stage melting of residual mantle at shallow depth
(<10 kbar), their sources being ultimately less depleted
than those of the other NAMM orthopyroxenites. In-
deed, the complete compositional range (but LILE) that
exist among low-Ti subduction-related lavas, from bon-
inites to island-arc basalts, may be explained (assuming
they are primary melts) by the variable degree of deple-
tion of their respective source (Fig. 8; Beccaluva &
Serri 1988). The sources of boninites show variable
degree of depletion, from clinopyroxene-free to cli-
nopyroxene-bearing harzburgite compositions. The
sources of boninites transitional to island-arc basalts
presumably were derived from clinopyroxene-bearing
harzburgite to clinopyroxene-poor depleted lherzolite
compositions. In a same manner, we may argue that
NAMM pyroxenite dykes crystallized from a spectrum
of primary magma-types which represent batch melis
(likely <10% of partial melting) of variously depleted
residual mantle at shallow levels. This proposal would
imply an earlier extraction of basaltic liquid. We may,
thus, envisage a model whereby a residual diapir con-
tinued its adiabatic upwelling and eventually produced,
at shallower levels and in the presence of a H,O-rich
fluid, successively more refractory and silica-rich
melts, from boninitic—tholeiitic transitional melts (type-
IV suite) to boninites (type-lIl suite) to extremely
refractory boninitic melts (type-I and type-II suites).
However, this scenario seems inconsistent with the
general compositional trend of enrichment in a basaltic
component that we observed upward in the apparent
mantle section (from units 1d to 1b) among all NAMM
pyroxenite intrusions taken together, and in particular
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among those from type-I to type-III suites. This incon-
sistency rather suggests that melts related to them were
parental and underwent fractionation processes or
others processes that acted to differentiate them during
their migration.

Evolution of related magmas

There is a general trend of enrichment in Fe, Al, Ca,
alkalis and incompatible trace-elements among intru-
sive pyroxenites, from deeper sites S9, S10 and S11
toward shallower sites, where intrusive pyroxenites
typically show higher contents of Al, iron, alkalis and
incompatible trace-elements, with less fractionated
MREE/HREE values, and increased modal clinopy-
roxene. This, indeed, suggests that, parental or not,
melts related to the NAMM pyroxenite dykes likely
underwent a chemical evolution, leading to enrichment
in the basaltic component during their upward migra-
tion in the upper mantle.

In terms of the composition of their minerals, and
major-element and compatible trace-element concen-
trations, variations among type-I orthopyroxenites to
type-IIl websterites are fairly consistent with a liquid
line of descent controlled by the fractionation of olivine
and minor spinel (Figs. 2, 3, 4 and 5). The progressive
enrichment in HREE observed among melts related to
these pyroxenites (Figs. 8a, ) also is roughly consistent
with this interpretation, though this would imply very
important percentages of crystallization. Melt composi-
tions calculated from pyroxenites S7-O, S3-O and
S4-W would represent residues from, respectively, 45,
70 and 80 wt.% (Yb) Rayleigh fractional crystallization
of olivine + spinel (99:1) [K), values are from Bédard
(1994)] from a parental melt composition calculated
from orthopyroxenite S9-O. However, melt Cr and Ni
contents calculated from type-I and type-III pyroxenites
plotted against their melt Yb contents (Fig. 9) are only
partly consistent with this interpretation; these melts
form a general trend of increasing Yb content coupled
with decreasing Cr and Ni contents, but this trend can-
not be modeled by a Rayleigh fractional crystallization
relationship, the Yb contents of melts being too high for
given Cr and Ni contents. Moreover, calculated melts
from type-I and type-IIl pyroxenites show variable
Tb/Yb values, tending to increase as Yb increases,
which is not compatible with a fractional crystallization
relationship (Fig. 10).

In a general way, melts related to type-I orthopyrox-
enites show MREE/HREE values that are higher than
those of melts produced by partial melting of NAMM
harzburgites and lherzolites (Figs. 8, 10). Only melts
related to type-II orthopyroxenites S10-O and S11-O
show strongly fractionated MREE relative to HREE, and
coupled extremely low Tb/Yb values and Yb contents,
compatible with extremely depleted NAMM harzburgitic
sources. Batch melts from more fertile sources, such as
Balmuccia peridotites, which are interpreted to be residues
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after the separation of 4.5% MORB (Hartmann &
Wedepohl 1993), will show coupled higher Th/Yb val-
ues and Yb contents (Fig. 10). However, the fact that
mineral compositions and major-element chemistry of
type-I orthopyroxenites are more refractory than those
of type-II orthopyroxenites is inconsistent with the
hypothesis that they derived from a more fertile source
(intermediate between NAMM and Balmuccia peri-
dotites) than that of melts related to the type-II orthopy-
roxenites. Nevertheless, the similarity in their
chemistries allows us to envisage a scenario whereby
melts related to them derived from similarly depleted
mantle sources, but other processes in addition to frac-
tional crystallization acted to differentiate them.

A process that can lead to differential increases in
REE abundances of migrating fractionating melts
would involve assimilation of magnesian material from
the host peridotitic wallrocks. Composite dykes
S1-CV1, S1-CV2 and S$5-CV systematically have
intermediate mineral and whole-rock chemistries
between those of dykes found at the same site and those
of type-I orthopyroxenites. This evidence suggests to us
that magma—mantle interactions indeed played a role in
driving differentiation in the melts from which NAMM
pyroxenites precipitated. Quick (1981), DePaolo
(1981) and Kelemen and co-workers (Kelemen 1986,
1990, Kelemen et al. 1990, 1992) have pointed out that
large variations in abundances of alkalis and more
incompatible elements, combined with a very primitive
major-element chemistry and nearly constant and high
Mg-numbers, are a likely consequence of reaction
between mantle-derived melts and host mantle. These
reactions would principally be driven by chemical dis-
equilibrium between intrusive melts and host peridotites,
and may lead either to partial melting of the peridotite
or to selective dissolution of minerals that are not stable
in the intruding melt (Quick 1981, DePaolo 1981,
Podvin et al. 1985, Kelemen 1986, 1990, Kelemen &
Ghiorso 1986, Kelemen eral. 1990, 1992, Subr &
Robinson 1994). These reactions could also be en-
hanced by changes in pressure and temperature during
the ascent of melts through the mantle peridotite (Fujii
& Scarfe 1985, Hirose & Kushiro 1993).

The NAMM host peridotites that are in contact with
intrusive pyroxenites show complex mineral, modal
and chemical variations suggesting that continuous re-
equilibration occurred between ascending melts and the
surrounding peridotites of the NAMM ophiolitic mantle
(Varfalvy et al. 1996). Intrusive magmas low in Al and
Ca (type-I suite) could have depleted the surrounding
peridotite in fusible elements by several mechanisms.
The first of these involves dissolution—precipitation
reactions and solid-solution exchange reactions be-
tween infiltrating melts and minerals from the wallrock.
These exchanges produce residual chromite enriched in
Cr, more magnesian orthopyroxene, and more diopsidic
clinopyroxene. The fusible Ca—Al Tschermak compo-
nent of clinopyroxene and the Al-component of spinel
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enter the melts. The second mechanism involves progres-
sive selective dissolution of clinopyroxene from wall-
rocks as they react with clinopyroxene-undersaturated
melts.

To illustrate the effects of assimilating clinopy-
roxene on fractionating melts related to the NAMM
dykes, we generated a model liquid that undergoes
coupled clinopyroxene assimilation from wallrocks and
olivine * spinel (99:1) fractionation, from an inferred
melt related to type-I orthopyroxenite S9—-O taken as
starting point. The composition of assimilated clinopy-
roxene was calculated from the average composition of
NAMM spinel lherzolites (unit le, Tables 5, 6) by
mass-balance calculations. Equations for the assimilation—
fractionation calculation are from DePaolo (1981). We
assumed that the mass of the magma stays constant
(mass crystallized = mass assimilated). Partition coeffi-
cients are from Bédard (1994), with the exception of
the °'Dy;, which was assumed to be constant and equal
to 10.

Assimilation of clinopyroxene by fractionating type-
I-related melts would lead them to more rapid HREE
enrichment relative to Cr and Ni depletions, caused by
fractionation of olivine and minor spinel (Fig. 9), and
more rapid enrichment in Tb compared to Yb (Fig. 10).
Mantle clinopyroxene generally contains significant Ni
and Cr, and assimilating them, concomitantly with
olivine and spinel fractionation, may efficiently buffer
reacting melts in these elements. In a similar way,
assimilation of dissolved clinopyroxene from wallrock
peridotites (until clinopyroxene saturation in the
reacting melts is reached) may also be a major mecha-
nism of buffering MgO, and SiO, as well, in olivine-
fractionating melts, along with Mg—Fe solid—solution
exchange reactions between wallrock minerals and
reacting melts, as described by Kelemen (1990). The
trend of increasing [Tb/Yb] as Yb contents increase
among melts related to pyroxenites of the type-I suite
to those of the type-III suite is quite consistent with
coupled clinopyroxene assimilation and olivine = spinel
fractionation (Fig. 10). However, to reproduce the
compositional evolution of melts from primitive type-I
orthopyroxenites to type-III pyroxenites, large amounts
of assimilated clinopyroxene are necessary (more than
80% of assimilated mass for Cr/Yb and Tb/Yb trends),
eventually at higher rates of assimilation to reproduce
the Ni/Yb evolution trend of these melts, which seems
unrealistic.

Inversely, migrating tholeiitic melts may assimilate
magnesian material from their hosting peridotitic wall-
rocks (Kelemen 1986, 1990). The occurrence of com-
posite dykes that show a clinopyroxenitic core and
orthopyroxenitic margins suggests that such a process
occurred and may have driven differentiation in the
melts from which NAMM pyroxenites precipitated.
Composite dykes systematically have intermediate
mineral and whole-rock chemistries between those of
dykes found at the same site and those of the type-I
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orthopyroxenites, and melts related to the more primi-
tive members of the type-I suite are roughly consistent
with melts produced by batch melting (<10%) of sur-
rounding harzburgites. We thus simplified the process
of assimilation of magnesian material from the host
mantle by a migrating clinopyroxenite-related melt, by
simple binary mixing between melt in equilibrium with
type-IV clinopyroxenite S1-C1 and a liquid produced
by 10% partial melting of average NAMM depleted
spinel harzburgite from unit 1d. Figure 10 shows that,
in terms of HREE abundances, a continuous composi-
tional trend exists among melts related to pyroxenites
of the type-I suite toward those of the type-IV suite,
which is remarkably consistent with the calculated
mixing trend between ultra-depleted and S2-C1 clino-
pyroxenite-related magmas. According to this model,
with regard to HREE abundances, type-IV clinopy-
roxenite S1-C2 and composite vein S1-CV1 would
result from the addition of ~45-50% of a melt fraction
produced by 10% partial melting of NAMM depleted
spinel harzburgites to S1-C2 clinopyroxenite-related
melt, whereas type-I orthopyroxenites from S9-O to
S6-0 would result from the addition of ~1 to 10%
S1-C1 clinopyroxenite-related melt component to
melts produced by 10% partial melting of NAMM
harzburgites.

Melts related to type-I orthopyroxenite S3-O and
type-IIl websterite plot slightly apart, having higher
Yb-contents for a given [Tb/Yb] value. It is possible
that these melts derived from such a mixture (~10%
S1-C1 clinopyroxenite-related melt) but underwent a
more rapid enrichment in Yb from combined assimila-
tion and fractionation processes. Cr variations in these
melts (Fig. 9a), and in other type-I and type-IV melts,
indeed suggest that fractionation of chromian spinel
occurs, possibly combined with clinopyroxene assimi-
lation, which will lead to Cr buffering of reacting melts
and their rapid enrichment in the HREE. Ni variations
in type-I and type-Ill-related melts suggest that olivine
fractionation also occurs (Fig. 9b), which is consistent
with inferences made from mineral and major-element
chemistries. Melts related to type-I orthopyroxenite
S3-0 and type-HI websterite also plot slightly apart,
being too rich in Ni for a given Yb abundance to simply
have been derived from other type-I melts by a frac-
tionation process. This discrepancy suggests that these
melts also underwent Ni buffering and a more rapid
enrichment in Yb by assimilating clinopyroxene from
wallrocks. The fact that no decrease (composite vein
S1-CV1) or increase (clinopyroxenite S1-C2 and com-
posite vein S5-CV) in Ni contents relative to the mixing
trend is observed in some NAMM pyroxenite-related
melts suggests that olivine fractionation does not
always occur during the evolution of NAMM melts.
Increases in their Ni contents may be satisfactorily
explained by assimilation of clinopyroxene from the
wallrocks. It is also possible that these melts assimi-
lated, along with other magnesian material from wallrocks,
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significant amounts of Fe-Ni sulfide phases. The fact
that these dykes also show high MgO and SiO, contents
is consistent with the proposal that they underwent such
magma—mantle interactions.

The compositional trend formed by type-IV clinopy-
roxenite S1-C1, type-II orthopyroxenite S5-O, type-Il
orthopyroxenites S10-O and S11-O to the proposed
primitive parental melt of type-I to type-III ortho-
pyroxenites (low fractions of batch melts of ultra-
depleted harzburgites) is roughly compatible with
increasing partial melting of mantle peridotite. How-
ever, the fact that these “primary” melts show large
variations in abundances of alkalis, Al and incompat-
ible elements, combined with a very primitive major-
element chemistry, and nearly constant and high
Mg-numbers and Ni contents, is a likely consequence
of reaction between variously depleted mantle-derived
melts and surrounding peridotites.

We may, thus, envisage a model whereby NAMM
pyroxenites have not directly crystallized from primary
magmas generated by the melting of ultra-depleted
mantle. Rather, the magmas related to them acquired
the signatures of such mantle by reacting and reaching
equilibrium with large volumes of variously depleted
peridotites at shallower levels during their migration
through the mantle. This proposal would also imply
earlier episode(s) of extensive exiraction of ‘basalts,
producing extremely depleted harzburgite and lher-
zolite residues. The NAMM pyroxenite dykes may
have formed during a final magmatic event, in which a
residual diapir continued its adiabatic upwelling and
eventually produced, at shallower levels, in the pres-
ence of H,O-rich fluids, depleted magnesium-rich
tholeiitic melts that fractionated and re-equilibrated
with variously depleted residual mantle during their
ascent throughout the mantle. We propose that the
variety of compositions among melts related to NAMM
pyroxenites resulted from fractional crystallization of
olivine *+ spinel, assimilation of dissolved clinopy-
roxene from wallrocks, and magma mixing, in various
proportions, between a primary low-Ti magnesian
tholeiitic component and low fractions of melts pro-
duced by partial re-melting of surrounding harzburgites
or lherzolites.

Origin of the LILE enrichment

The model proposed to explain the trace-clement
signatures observed in NAMM pyroxenite dykes can-
not satisfactorily account for the LILE and local LREE
enrichment of these dykes. Orthopyroxenitic and com-
posite dykes typically show a more important LILE
enrichment, which is compatible with the proposal that
they represent melts that assimilated harzburgitic mate-
rial (NAMM harzburgites being enriched in LILE);
however, type-I and type-Il orthopyroxenites show
LILE enrichment that is greater than that of melts
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produced by partial melting of NAMM harzburgites
(Fig. 8).

Depleted harzburgites in the NAMM suite exhibit
LILE- and LREE-enriched, concave-upward normal-
ized trace-element patterns. Such patterns are generally
attributed to post-melting enrichment processes caused
by porous flow of low melt-fractions or H,O- or CO,-
rich fluids (Wilshire ez al. 1980, Wilshire1984, 1987,
Navon & Stolper 1987, McDonough & Frey 1989,
Fabrigs et al. 1989, Bodinier et al. 1990, Vasseur et al.
1991, Takazawa et al. 1992, Parkinson et al. 1992, Van
der Wal & Bodinier 1996). It is possible that a wide-
spread LILE-LREFE component of the NAMM mantle
was preferentially incorporated into the low melt-
fractions (£10%), so that the mantle we see now is the
residue from this event, not its source. Thus, the high
LILE and LREE abundances in the dyke melts would
represent pre-melting conditions of the source. The fact
that NAMM orthopyroxenite dykes that likely equili-
brated with harzburgites contain, like them, an impor-
tant LREE enrichment, whereas those that likely
equilibrated with lherzolites (not LREE-enriched) do
not, is consistent with this proposal. Alternatively, it is
possible that addition of a mobile LILE- and LREE-
enriched fluid component passing through the depleted
NAMM mantle occurred during the NAMM dyke
emplacement, and superimposed on their LILE and
LREE signatures.

CONCLUSIONS AND TECTONIC IMPLICATIONS

Pyroxenitic intrusions in the NAMM suite are char-
acterized by high Mg-numbers, high Ni and Cr con-
tents, variable Ca contents, low Al and alkalis contents,
and strongly depleted MREE, HREE, Ta, Zr, Hf and Ti
abundances, with relative LILE enrichments (with or
without LREE enrichments). The eatly precipitation of
orthopyroxene, inferred by textural observations and
compositional variations, seems to imply that the liquids
from which they precipitated were saturated to over-
saturated in silica, and likely had a SiO, content typical
of andesites. On the basis of their major- and transition-
element contents, NAMM pyroxenites can be grouped
into four suites: a type-I low-Al orthopyroxenite suite,
a type-II orthopyroxenite suite that is more Al-rich, a
type-III websterite suite, and a type-IV high-Al clino-
pyroxenite suite. The more evolved members of the
type-I and -III suites show decreased Mg, Cr and Ni
contents with increased concentrations of Fe, Ca, Al,
alkalis, Ti, Sc, V and incompatible trace elements. Part
of this variation could result from initial fractionation
of olivine and minor chromian spinel. The striking
enrichment in incompatible elements, coupled with
weakly decreasing Mg, Cr and Ni seen in some mem-
bers, could reflect (in addition to fractional crystal-
lization) interactions with rocks of the upper mantle
involving assimilation of clinopyroxene from peridotite
wallrocks. Melts from which type-IV clinopyroxenites
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crystallized resemble modern magnesian quartz-
normative tholeiites found in the Mariana fore-arc, and
which are interpreted to have formed during second-
stage melting of residual mantle at shallow levels (e.g.,
Duncan & Green 1987). Our data suggest that NAMM
pyroxenites have not crystallized from primary magmas
generated by the melting of ultra-depleted mantle, but
rather acquired the signatures of such mantle by react-
ing and reaching equilibrium with large volumes of
variously depleted peridotites at shallower levels during
their migration through the mantle, involving assimila-
tion of low melt-fractions (<10%) of metasomatized
depleted peridotite wallrocks into migrating tholeiitic
melts.

The magmatic and tectonic affinity of magmas in the
Bay of Islands ophiolitic complex (BOI) is the subject
of an ongoing debate. Early petrological and geo-
chemical studies showed that whereas mafic pillow
lavas and diabases of the BOI have major- and trace-
element compositions and depleted LREE patterns
similar to MORB, the data could not discriminate
between a true mid-ocean ridge environment and a
supra-subduction spreading environment (Williams &
Malpas 1972, Suen et al. 1979). On the basis of high
Cr/Al values in the chromian spinel, Dick & Bullen
(1984) suggested that some Bay of Islands ophiolite
cumulates had a subduction-zone affinity. Conversely,
Casey et al. (1985) and Siroky et al. (1985) showed
that basalts and diabases from the Bay of Islands
ophiolites are very similar to MORB. They argued for
a normal ridge environment. More recent petrological
and chemical data on cumulates of the lower crust
(Bédard 1991, Bédard et al. 1994, Bédard & Hébert
1996) show clear arc or boninitic signatures [abundant
orthopyroxene, low-Ti pyroxenes, high-(Cr/Al) spinel,
LILE-enriched trace-element profiles]. Recent geo-
chemical and isotopic data on BOI basalts and
trondhjemites reveal negative Nb—Ta anomalies, con-
sidered characteristic of arc suites (Jenner et al. 1991,
Elthon 1991). Evidence of subduction-related meits is
also present in the mantle section of the BOI (Edwards
1990, 1991, 1995, Edwards & Malpas 1995).

The composition and evolution of NAMM intra-
mantle pyroxenite dykes are very similar to those seen
in modern magnesian andesites and boninites from the
western Pacific. If the analogy holds true, then we may
infer that primitive boninitic melts underwent similar
interactions with depleted mantle, and acquired their
unusual signature by reacting and reaching equilibrium
with large volumes of variously depleted peridotites at
shallower levels during their migration through the
mantle. A fore-arc environment appears to have the
combination of factors needed to generate boninitic
magmas: high thermal gradients, shallow depths, high
activities of H,0O and limited melting of metasomatized
ulira-depleted mantle sources in a tensional environment.
This would imply that the North Arm Mountain
ophiolitic massif passed through a fore-arc environment
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at a late stage in its history, immediately prior to its
obduction onto the North American margin.
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