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Abstract The origin of compositional heterogeneities
among the magmas parental to mid-ocean ridge basalts
(MORB) was investigated using a single rock piece of
the olivine-phyric basalt from 43°N, Mid-Atlantic
Ridge (AII D11-177). The exceptional feature of this
sample is presence of very primitive olivine crystals
(90-91 mol% Fo) that are significantly variable in
terms of CaO (0.15-0.35 wt%). A population of low-
Ca olivine (0.15-0.25 wt% CaO) is also notably distinct
from high-Ca olivine population in AII D11-177, and
primitive MORB olivine in general, in having unusual
assemblage of trapped mineral and glass inclusions.
Mineral inclusions are represented by high-magnesian
(Mg# 90.7-91.1 mol%) orthopyroxene and Cr-spinel,
distinctly enriched in TiO, (up to 5 wt%, c.f. <1 wt%
in common MORB spinel). Glass inclusions associated
with orthopyroxene and high-Ti Cr-spinel have
andesitic compositions (53-58 wt% SiO,). Compared
to the pillow-rim glass and ‘“normal” MORB inclu-
sions, the Si-rich glass inclusions in low-Ca olivine have
strongly reduced Ca and elevated concentrations of Ti,
Na, K, P, Cl, and highly incompatible trace elements.
Strong variability is recorded among glass inclusions
within a single olivine phenocrysts. We argue that the
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observed compositional anomalies are mineralogically
controlled, and thus may arise from the interaction
between hot MORB magmas and crystal cumulates in
the oceanic crust or magma chamber.
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Introduction

The last two decades of petrological and geochemical
studies on mid-ocean ridge basalts (MORB), their
cumulative counterparts in the oceanic crust and their
ancient analogs in ophiolites have seen rapidly accu-
mulating evidence for heterogeneous compositions of
MORB parental melts. Recent advances in melt
inclusion studies defined new compositional types of
MORB parental melts (e.g., ultra-depleted, ultra-en-
riched, ultra-calcic) in addition to widespread depleted
(normal) and enriched MORB (e.g., Danyushevsky
et al. 1987; Sobolev and Shimizu 1993a, b; Sobolev
1996; Kamenetsky et al. 1998, 2000). Recorded vari-
ability in major and trace elements and isotopic com-
positions is most commonly attributed to chemical and
phase inhomogeneities in the mantle source peridotite,
juxtaposition of several mantle sources (including
plume- and subduction-related), varying physical
parameters of melting, and melt-peridotite reactions
(see reviews in Langmuir et al. 1992; Hofmann 2003).
However, the origin of compositional complexity and
anomalous compositions among MORB solely due
deep-seated processes is often challenged by research
on oceanic cumulates (Bédard 1991, 1993; Ross and
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Elthon 1993; Amri et al. 1996; Bédard and Hébert
1996; Bédard et al. 2000; Gillis et al. 2003; Koepke
et al. 2005b; Nonnotte et al. 2005). “If reactions be-
tween primitive basaltic melts and shallow peridotitic
mantle are plausible, then such melts should also react
strongly with lower-crustal rocks...Oddly enough, the
possible importance of reactions between ascending
primitive melts and crustal rocks in oceanic environ-
ment has received little attention” (Bédard et al. 2000).
Supportive of this view and alternative to conventional
wisdom, the concept of localised processes of dissolu-
tion, reaction and mixing (DRM) in the magmatic
plumbing system was applied in interpretation of some
anomalous compositions of melt inclusions in primitive
MORB phenocrysts (Danyushevsky et al. 2003, 2004).

The interaction between ‘“‘normal”” MORB primitive
melts and refractory mantle peridotite has been pro-
posed to account for unusual assemblage of high-Si,
low-Ca melt inclusions, high-Ti Cr-spinel and ortho-
pyroxene in forsteritic olivine from the sample AII32
D11-177, 43°N Mid-Atlantic Ridge (Kamenetsky and
Crawford 1998). In present study this sample is revis-
ited with application of improved high-precision elec-
tron microprobe and laser ablation ICP-MS analyses of
major and trace elements in minerals and melt inclu-
sions, and the earlier constraints are revised in the light
of new results. In this case modifications of MORB
primitive melts caused by interaction with crustal
gabbroic rocks appear to be most plausible explanation
for anomalous mineral and melt inclusion composi-
tions.

Samples

The studied sample was recovered from dredge 11 of the
32nd cruise of the R/V Atlantis II. The dredge sampled
the eastern slope of the Mid-Atlantic Ridge rift valley
42°57'N 29°15’W at 1,983-2,168 m water depth (Phillips
et al. 1969; Shibata et al. 1979). The ridge segment is
adjacent to the 43°N fracture zone, which is character-
ised by exceptionally refractory abyssal peridotites
(Shibata and Thompson 1986). Basaltic rocks in this
area are compositionally diverse, and in general display
enrichment in incompatible trace elements (Shibata
et al. 1979). The sample D11-177 is represented in our
study by one small rock piece (~3 x 2 x 2 cm) of oliv-
ine-phyric basalt with devitrified glassy interior and
quenched glass surface. The glass is characterised by
relatively primitive composition (Table 1) with high
Mg# (100 x Mg/(Mg + Fe®) = 68.8) and 140 ppm Ni,
and unradiogenic Nd and radiogenic Sr and Pb isotope
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ratios  ("¥Nd/'*Nd 0.512924, ¥Sr/%°Sr  0.703293,
2%pb/*%Pb 19.577, *°’Pb/***Pb 15.594, and ***Pb/***Pb
39.176), typical of the magmas in this region (Ito et al.
1987; Yu et al. 1997; Kamenetsky et al. 1998).

Olivine phenocrysts (~ 10-15 vol%, up to 4 mm in
size) contain euhedral inclusions of reddish-brown and
greenish-brown spinel (up to 50 um), inclusions of
light-brown glass of variable shape (round to negative-
crystal shaped with scalloped edges) and size (up to
150 pm), vapour bubbles and sulphide globules. There
is no particular pattern in the distribution of large melt
inclusions; however, smaller inclusions of glass, vapour
and sulphide often coexist in subparallel and orthogo-
nal trails (Fig. 1). Individual crystals of reddish-brown
spinel are also present in matrix glass.

Analytical techniques
Electron microprobe

Major elements in minerals and glasses and element
mapping were performed using the JEOL Superprobe
JXA-8200 electron microprobe (Max Planck Institute
for Chemistry, Mainz, Germany). We applied 15 kV
accelerating voltage, 12 nA electron beam current and
defocused to 5 pm size beam for analyses of host ma-
trix glasses and olivine-hosted glass inclusions. The
20 kV and 20 nA primary beam was applied for anal-
yses of olivine and spinel. Peak counting times on
major elements were 60 and 30 s of background. Either
PRZ or ZAF correction routines were used. Sulphur
was analysed at the same analytical conditions as other
major elements in glasses. At these conditions, the
detection limit for S was around 200-250 ppm. A set of
reference materials (i.e. natural and synthetic oxides,
minerals and glasses; Micro-Analysis Consultants Ltd,
Cambridgeshire, UK and the Smithsonian Institution
standard set for electron microprobe analysis, Jarose-
wich et al. 1980) were used for routine calibration and
instrument stability monitoring. Typical analytical
uncertainties (2RSD = 2¢ relative standard deviation)
are 1.4-2.8% for SiO,, Al,O3, FeO, MgO, CaO, TiO,;
5.6% for Na,O, 10.1% for K,0O, 15.8% for P,Os, and
32.2% for MnO. As a monitor sample to control pre-
cision and accuracy of S and Cl measurements, we used
the USNM 111240/52 VG-2 basaltic glass (recom-
mended values of 0.134-0.137 wt% S, Dixon et al.
1991; Thordarson et al. 1996; 0.030 wt% Cl, Métrich
et al. 2001). The concentrations of 0.140 = 0.023 wt% S
and 0.029 + 0.007 wt% Cl (20 SD = 2-sigma standard
deviation, N = 37) were obtained during this study.
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ma65a-18/1

m465b-7/1
m465b-7/2
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Fig. 1 Photos showing trails of olivine-hosted glass and vapour
inclusions and coexistence of ‘“normal” and “anomalous” melt
inclusions (a) and ‘“anomalous” melt inclusions with different
composition and co-trapped orthopyroxene (b) within same
olivine grains

Element mapping was performed to examine two-
dimensional distribution of elements across sample
surface. Measurements were done in the stage-scan-
ning mode registering simultaneously X-ray signals of
five wavelength dispersive spectrometers and back-
scattered electron (BSE) image. Olivine was analysed
for Mg, Al, Ca, Fe and Ni using TAP spectrometers for
Mg and Al, PETJ for Ca, LIF for Fe and LIFH for Ni
applying 20 kV accelerating voltage and 20 nA pri-
mary electron beam current. Step interval was 2 pum
and X-ray acquisition time per step was 300 ms. Final
evaluation of the measurement results were performed
using the built-in JEOL Map Analysis Software.

Laser ablation ICP-MS
Trace element concentrations in melt inclusions were

measured by laser ablation inductively coupled plasma
mass spectrometry (LA-ICPMS) using a New Wave
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Research UP213 Nd-YAG (213 nm) laser coupled to
an Agilent 4500 quadrupole mass-spectrometer
(University of Tasmania, Australia). Analyses were
performed in a He atmosphere by ablating 30-80 pum-
diameter spots at a rate of 5 shots/s using laser power
of ~12 J/em?. The instrument was optimized for sensi-
tivity on mid- to high-mass isotopes (in the range 80—
240 a.m.u.) and for minimal molecular oxide species
(i.e., *Th'®0/*?Th < 0.2%) and doubly-charges ion
species (i.e., "¥'Ce*™/'*"Ce* < 0.3%) production. The
low level of molecular oxide and doubly charged ion
production precludes the need to correct any of the
analyte signal intensities for interfering species. The
analysis time for each sample was 50-90 s, comprising
a 30 s measurement of background (laser off) and a
20-60 s analysis (depending on inclusion’s thickness)
with laser on. Instrument calibration was performed by
ablating the NIST612 glass standard. Data reduction
was undertaken according to standard methods
(Longerich et al. 1996) using the NIST612 glass as a
primary reference material and **Ca (Ca analysed by
EMPA) as the internal standard. USGS BCR-2g glass
was repeatedly analysed throughout analytical sessions
and was used as a secondary reference material.

Olivine and olivine-hosted inclusions
Olivine

Olivine phenocrysts analysed around inclusions of
melt and spinel have limited compositional variations
in terms of Fo content (89.8-91.1 mol%). Such com-
positions are very primitive among MORB olivine,
which is typically < 89 mol% Fo, and rarely as high as
92 mol% Fo. Variations in CaO content are signifi-
cant (0.15-0.35 wt%), and extend far below (i.e.,
<0.25 wt%) the values in primitive MORB olivine
(Fig. 2). On the base of CaO abundances olivine
crystals belong to two populations: dominant ‘“‘nor-
mal” high-Ca (0.28-0.35 wt% CaQ) and less abundant
“anomalous” low-Ca (0.15-0.23 wt% CaO), with only
three compositions in between (~0.25 wt% CaO). The
first population, though overlapping with second
population of olivine, is distinctively more magnesian
(F090.1-91.1) than the second (Fo089.8-90.4). Single
correlation trends of other analysed trace elements
(positive for Al, Ni, Cr, and negative for Mn) with Fo
do not allow discrimination between these two olivine
populations (Fig. 2).

Distribution of major and trace elements within a
single olivine crystal is studied using grain m465a-19
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Fig. 2 Compositions of olivine phenocrysts (Fo vs. CaO, NiO):
high-Ca “normal” olivine (circles); low-Ca, ‘“anomalous’ olivine
(diamonds). The line shows changing olivine composition in
zoned phenocryst m465a-19 (see Fig. 3 and text for more
details). Compositional fields of MORB primitive olivine are
shown

with clear compositional zoning in back-scattered
electrons and sub-parallel trails of glass, vapour and
sulphide inclusions (Fig. 3). Olivine outermost rim
(~ 40 pm) shows extreme compositional zoning with
Fo rapidly decreasing from 90.7 to 89.3 mol% towards
the adjacent matrix glass, whereas MnO and CaO in-
crease (0.16-0.19 wt% and 0.30-0.34 wt%, respec-
tively) and NiO decrease (0.31-0.25 wt%). The rim has
the most evolved Fo composition recorded in pheno-
crysts, but it is still more primitive than a hypothetical
olivine in equilibrium with the matrix glass (Fo87.7,
calculated with PETROLOG software (Danyushevsky
2001) and melt Fe**/Fe** = 10, as defined by matrix
spinel compositions, Table 2). From the outermost rim
this olivine fragment becomes gradually Fo- and CaO-
poorer (90.7-89.8 mol% and 0.30-0.15 wt%, respec-
tively, Fig. 3c,d) towards the core in which subparallel
trails of melt and fluid inclusions are present (Fig. 3a).
The core olivine (~300 um of the profile) is fairly
constant in composition (89.7 mol% Fo, 0.15 wt%
Ca0). Other trace elements change sympathetically
with Fo along the profile (Fig. 3f-h). In general,

compositional variations in this single olivine cover a
significant part of the compositional range recorded for
other olivine grains in the sample (Fig. 2).

Spinel inclusions

Most spinels are reddish-brown in colour and compo-
sitionally similar to spinel microphenocrysts in matrix
glass and MORB spinel, in general (Allan et al. 1988;
Kamenetsky et al. 2001a). They have relatively low
TiO, (0.39-0.57 wt%) and moderately high Cr/
(Cr + Al) (Cr# 0.53-0.62 mol%). These spinel grains
are invariably hosted by ‘“normal” high-Ca olivine
(Fig. 4a; Table 2). In contrast, rare greenish-brown
spinel inclusions are trapped in ‘“‘anomalous” low-Ca
olivine. These spinels are also unusual in composition
in having extremely high TiO, (1.7-4.7 wt%) for spinel
in primitive MORB (Allan et al. 1988; Kamenetsky
and Crawford 1998; Kamenetsky et al. 2001a). They
are also characterised by lower Cr,O5; abundances (35—
42 wt%) than ‘“normal” spinels (4248 wt%) in this
sample (Fig. 4b), but similar in terms of other ele-
ments. Importantly, the concentrations of ‘‘anoma-
lous” elements, TiO, in greenish-brown spinel
inclusions and CaO in host olivine, are negatively
correlated (Fig. 4a). Two spinel inclusions exposed at
surface of zoned olivine m465a-19 within 160 pm from
each other (Fig. 3) have distinctively different TiO,
(0.51 and 1.66 wt%), but similar other elements, and
are hosted by olivine with 0.30 and 0.26 wt% CaO,
respectively (Table 2).

Glass inclusions

All analysed glass inclusions are not in equilibrium
with host olivine, because the trapped melts experi-
enced depletion in MgO after olivine crystallisation on
inclusions’ walls and related ““Fe-loss”, as described by
Danyushevsky et al. (2000). Thus, the inclusions have
highly variable and positively correlated MgO and
FeO contents (2.4-8.9 and 4.9-8.0 wt%, respectively,
Table 1) that are lower than those in the pillow-rim
glass and, by inference, in the originally trapped melts.
In this particular case, corrections for post-trapped
modifications are hampered by the fact that the origi-
nal FeO content of some inclusions (see below) cannot
be confidently inferred. However, we emphasize that
post-entrapment modifications are not responsible for
extreme variations in abundances of other major and
trace elements observed in 93 analysed inclusions
(Figs. 5, 6, 7, 8).

We use CaO content in the host olivine and CaO/
AlL,O5 ratio of the melt to primarily discriminate
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Fig. 3 Compositional zoning in a single olivine grain m465a-19:
a optical image; b image in backscattered electrons showing
glass, rimming the grain; two Cr- spinel inclusions (Table 2, # 4,
5) and two profile lines; c—e X-ray element maps showing

between compositions of trapped inclusions. The
inclusions in the “normal” high-Ca olivine (hereafter,
group-I) have high CaO/Al,O; (0.91 + 0.04) that
broadly correlate with CaO in olivine (Fig. 6) and
CaO/AlL,Oj3 in the pillow-rim glass (0.87). In contrast,
the inclusions in ‘“‘anomalous” low-Ca olivine (here-
after, group-II), except three compositions, have
significantly lower CaO/Al,Oz (0.54-0.67). Major
compositional differences between two groups are
outlined below.

Compositional trends shown by the group-I melt
inclusions are largely controlled by post-entrapment
crystallisation of olivine on the walls (e.g., trends for
Si0,, CaO and AlLOs; Fig. 5, Table 1). Importantly,
the least affected by olivine crystallisation melt inclu-
sions (with highest MgO) are compositionally similar
to the pillow-rim glass (Fig. 5). The abundances of
highly incompatible elements are strongly variable
(e.g., 0.05-0.59 wt% K,O, excluding four unusually K-
and Cl-rich inclusions in this group), but on average
they resemble the pillow-rim glass (cf. 0.33 = 0.09 and
0.25 wt% K5O, Figs. 5, 7a, 8). This is also typical of
MORB magmatic process, in which variably enriched
and depleted melt fractions aggregate in the plumbing
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distribution of Fe, Ca and Ni; f~h variations of Fo, CaO and NiO
along the line shown on (b). Note the trails of melt, vapour and
sulphide inclusions on (a) in low-Ca core part of this crystal

system (Sobolev 1996; Shimizu 1998). The exceptions
mentioned above, in addition to high K,O (0.65-
1.74 wt%) and Cl (0.15-0.20 wt%), demonstrated
strongly elevated abundances of Rb, Th, U, Nb, Pb and
Zr compared to other group-I inclusions and pillow-
rim glass, and pronounced negative anomalies of Ba
and Sr and positive Zr anomaly (Figs. 7c, 8; Table 1).

The compositions of group-II melt inclusions (Fig. 5;
Table 1) are characteristically enriched in SiO, (52.9—
58.5 wt%), TiO; (1.3-3.2) and CI (0.04-0.25 wt%), but
depleted in CaO (8.4-11.1 wt%) and S (0-0.08 wt%).
The statistically lower FeO contents (4.9-6.7 wt%) in
these inclusions, compared to group-I compositions
(Fig. 5), suggest lower Fe abundances in the originally
trapped melt, if the same extents of post-entrapment
modifications of inclusions in both groups are assumed.
Without a few exceptions the group-II inclusions also
have lower Al,O; and much higher Na,O and K,O
than ‘“‘normal” compositions in this study (Fig. 5).
Strongly elevated abundances of TiO,, K,O and Cl are
supplemented by the enrichment in the trace elements
(Rb, Ba, Th, U, Pb, Sr and Zr), relative to rare-earth
elements (REE) of similar incompatibility (by a factor
of 3-8, Figs. 7b, 8). Notably, group-II inclusions
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Table 2 Representative compositions of spinel inclusions in olivine phenocrysts and pillow-rim glass

N 1 2 3 4 5 6 7 8
Grain m284-15/1 m465a-5/1 m465a-19/1 m465a-19/2 m284-32/1 m465b-8/1 m465a-15/1
SiO, 0.35 0.47 0.08 0.10 0.09 0.37 0.15 0.15
TiO, 0.43 0.39 0.57 0.51 1.66 2.46 2.81 4.68
Al,O3 22.73 25.19 21.45 24.19 23.33 22.13 22.95 22.62
Cr,03 45.30 42.23 44.84 42.92 41.65 41.63 38.86 34.79
Fe, 03 3.89 4.06 4.82 4.94 4.91 441 5.20 5.95
FeO 11.15 10.57 11.21 10.48 11.35 12.66 12.12 13.32
MnO 0.18 0.18 0.09 0.08 0.08 0.18 0.19 0.07
MgO 16.40 17.07 15.87 16.84 16.79 16.53 16.69 16.95
NiO 0.17 0.19 0.16 0.18 0.20 0.20 0.21 0.24
Total 100.60 100.35 99.09 100.24 100.06 100.57 99.18 98.77
Mgi#sp 72.4 74.2 71.6 74.1 72.5 69.9 71.1 69.4
Critsp 572 52.9 58.4 54.3 54.5 55.8 53.2 50.8
Fe?*/Fe* 3.19 2.90 2.59 2.36 2.57 3.19 2.59 2.49
Host olivine

SiO, 40.69 40.67 40.45 40.55 40.98 40.44 40.61
FeO 8.82 9.44 8.90 9.09 9.42 9.46 9.79
MnO 0.14 0.16 0.14 0.15 0.16 0.16 0.16
MgO 49.90 49.37 49.53 49.64 49.71 49.55 49.17
CaO 0.28 0.34 0.30 0.26 0.21 0.21 0.16
NiO 0.32 0.29 0.30 0.31 0.29 0.28 0.28
Cr,03 0.09 0.07 0.12 0.09 0.15 0.06 0.07
Total 100.24 100.34 99.74 100.09 100.92 100.16 100.24
Fo 91.0 90.3 90.8 90.7 90.4 90.3 90.0

1 average composition of spinel microphenocrysts (n = 6) in the pillow-rim glass, 2-4 “normal” spinel in high-Ca olivine, 5-8
“anomalous”, high-Ti spinel trapped in low-Ca olivine. Fo mol% forsterite in olivine, Mg#sp spinel mg-number, 100 x Mg/
(Mg + Fe?*), atomic ratio, where Fe** and Fe>" were calculated on the basis of spinel stoichiometry; Crisp spinel cr-number, 100 x Cr/
(Cr + Al), atomic ratio. See Fig. 3 for location of spinel grains m465a-19/1 (#4) and m465a-19/2 (#5)

demonstrate progressive depletion in moderately
incompatible REE (from Yb to Sm) relative to the
pillow-rim glass, and increasing enrichment for more
incompatible REE (from Nd to La) and Nb (Figs. 7b,
8). Such concave upward (U-shaped) REE pattern
coupled with positive Zr anomaly resembles geo-
chemical signature in boninites.

Three inclusions within the group-II can be consid-
ered the outliers in having elevated CaO/Al,O3 (078,
091 and 0.94), and distinctive other compositional
features. The inclusion #m465b-1 has K,O and P,Os
abundances <0.01 wt% and relatively low SiO, and
Na,O and high Al,O; (Table 1). Two other inclusions,
# m465b-6 and #m465b-7/2 (Fig. 1b), are the most en-
riched in P,Os (1.2 and 4.6 wt%) and TiO, (2.6 and
4.9 wt%), but depleted in Al,O; (14.4 and 13.4 wt%).
In addition these inclusions are characterised by re-
duced SiO, (54.2 and 48.6 wt%) and elevated CaO
(11.2 and 12.2 wt%) contents. The inclusion #m465b-7/
2 (Fig. 1b) with the highest P,Os and TiO, is the most
enriched in REE, Nb, Sr and Zr, but shows strong
relative depletions in Rb, K and Pb (Table 1).

Chemical variability of the inclusions in sample AII32
D11-177 is often pronounced on a very small spatial
scale. Group-Ilinclusions in the grain #m465b-7, located

within 60 pm from each other (Fig. 1b), are clearly dif-
ferent in terms of SiO,, TiO,, K,O, P,Os and Cl abun-
dances (Table 1). Inclusions belonging to different
compositional populations are found in close proximity
(~150 pm) in grain m465a-18 (Fig. 1a; Table 1).

Orthopyroxene inclusions

Orthopyroxene crystals (15-50 um) always associate
with group-1I glass in “anomalous” low-Ca olivine.
Liquidus origin of orthopyroxene is suggested by eu-
hedral shapes of orthopyroxene inclusions (Fig. 1b; 9)
and swarms of tiny melt and fluid inclusions in some
crystals (Figs. 1b, 9a). The large and variable size of
orthopyroxene relative to the volume of associated
glass (Figs. 1b, 9), with some cases of only a film of glass
around orthopyroxene (Fig. 9d), argues for co-trap-
ping, rather than post-entrapment crystallisation of the
melt. Such chemical parameters as Mg/Fe (Mg# and Fo)
and CaO contents are positively correlated in the
orthopyroxene inclusions and their host olivine crystals
(Table 3). The analysed orthopyroxene is composi-
tionally unlike orthopyroxene from abyssal peridotites
(Dick 1989; Elthon et al. 1992) in having much higher
TiO, and lower Al,O3 and CaO (Table 3).
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Fig. 4 Compositions of Cr-spinel inclusions trapped in high-Ca,
“normal” olivine (open circles) and low-Ca, ‘‘anomalous” olivine
(diamonds); and average composition of spinel microphenocrysts
from the pillow-rim glass (closed square). Field shows spinel
compositions for melt impregnated mantle and crustal rocks
from Hess Deep and Garrett Transform fault (Hébert et al. 1983;
Cannat et al. 1990; Hekinian et al. 1993; Allan and Dick 1996;
Arai and Matsukage 1996; Dick and Natland 1996; Arai et al.
1997)

Discussion

Primary MORB magmas are compositionally variable
owing to mantle heterogeneities, variations in melting
degrees and pressure of melt segregation (Klein and
Langmuir 1987; Kinzler and Grove 1992; Langmuir
et al. 1992; Kamenetsky and Maas 2002; Niu et al. 2002).
Additional changes to melt compositions, caused by
reaction with lithospheric mantle and magmatic
cumulates, are possibly superimposed on the original
variability during magma ascent and residence in crus-
tal magma chambers, respectively. Although efficient
magma mixing within crustal magma chambers is be-
lieved to eliminate much of original and induced vari-
ability (Sobolev 1996), the erupted MORB magmas
remain compositionally diverse on regional and local
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scale, but the degree of variability appears less than that
ascribed to the melting processes (Kamenetsky et al.
2000; Kamenetsky and Maas 2002). However, primitive
siliceous, orthopyroxene-bearing magmas, similar to
the melt inclusions described above, have not been
discovered to date among volcanic rocks and glasses at
mid-oceanic ridges. The only known exception is the
high-Mg andesitic glass bearing orthopyroxene micro-
phenocrysts (S18-60/1) from the south Atlantic ridge
near the Bouvet triple junction (Kamenetsky et al.
2001b), but the isotope composition of this glass (low
2%pb/**Pb = 17.188 and '*Nd/'**Nd = 0.511663 and
high *Sr/*Sr = 0.712090 and 6'%0 = 6.8%,), its high
Ni (290 ppm) and strong ‘“garnet signature” (Gd/
Yb = 2.9) are not consistent with derivation from the
oceanic upper mantle.

High-Si and orthopyroxene-bearing magmas among
MORBs: peridotite melting scenarios

Oceanic cumulates can record MORB compositional
diversity at the crystallisation stage, and thus allow
tentative constraints on the composition of non-
aggregated melts. From the study of gabbronorites
with primitive orthopyroxene (Mg# up to 90 mol%)
from the ODP Site 334, 104 km west of 37°N MAR, an
unusually high SiO, (54 wt% at 10 wt% MgO) com-
position of the parental magmas was calculated by
(Elthon et al. 1992). The SiO,-rich melt parental to the
Site 334 cumulates was also shown to be extremely
depleted in Na,O, TiO, and incompatible trace ele-
ments compared to any erupted MORB (Elthon et al.
1992; Ross and Elthon 1993). Consequently, the idea of
SiO,-rich basaltic liquids being ‘““a widespread, but
minor, component in mid-ocean ridge petrogenesis
even though such liquids have never been directly
sampled” (Elthon et al. 1992) and capable of crystall-
ising orthopyroxene at low pressure was reconciled
with the orthopyroxene-undersaturated nature of
common primitive MORBs (O’Hara 1968; Stolper
1980).

Incidentally, at the time of the Site 334 cumulates
study (Elthon et al. 1992; Ross and Elthon 1993), a
high-SiO, (54.5 wt%) glass inclusion, ultradepleted in
lithophile trace elements and associated with primitive
orthopyroxene crystal (Mg# 90.8), was found in the
olivine phenocryst from the basalt dredged between
the Doldrums and Vema fracture zones on the Mid-
Atlantic ridge, 9°N (Danyushevsky et al. 1987; Sobolev
and Shimizu 1993b). Thus, the existence of the sili-
ceous depleted magma in the mid-oceanic spreading
environment, hypothesised in the study of gabbronor-
ites (Elthon et al. 1992; Ross and Elthon 1993),
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received direct support in the study of volcanic rocks
(Danyushevsky et al. 1987, Sobolev and Shimizu
1993b). In both these studies the authors indepen-
dently advocated the origin of high-SiO,, orthopyrox-
ene-saturated melt during shallow (2-5 kbar) critical

(continuous) melting of already depleted mantle peri-
dotite (clinopyroxene-poor harzburgite).

Recently a study of Sr isotope compositions of
clinopyroxene in the DSDP Site 334 gabbronorites
(Nonnotte et al. 2005) endorsed an alternative origin of
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Fig. 7 Primitive 100

parental melts for these unusual oceanic rocks. Based
on evidence from the Oman ophiolite (Benoit et al.
1999), Nonnotte et al. (2005) proposed fluxing of very
refractory mantle peridotites by hydrothermal fluids of
crustal origin, followed by melting and formation of
siliceous magmas with boninitic affinities.

High-Si and orthopyroxene-bearing magmas among
MORBSs: melt-peridotite reactions

Olivine gabbronorites and gabbronorites containing
abundant primitive orthopyroxene (Mg# up to
88 mol%) were reported from the ODP Site 923 in
the MARK area, south of the Kane fracture zone,
23°N MAR (Coogan et al. 2000a, b) and the ODP
Sites 894-895 at Hess Deep, the East Pacific Rise
(Hekinian et al. 1993; Arai and Matsukage 1996;
Coogan et al. 2002). Saturation of magmas in ortho-

mantle—normalised (Sun and
McDonough 1989) trace
element compositions of the
melt inclusions in comparison
to composition of the pillow-
rim glass (squares) .
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Fig. 7 continued
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cumulates has been explained by dissolution-repre-
cipitation reactions occurring during melt percolation
through a harzburgitic peridotite (Coogan et al. 2002).
Similar ideas of interactions between MORB-like
melts and harzburgitic peridotite at low pressure,
resulting in precipitation of olivine and clinopyroxene
and dissolution of orthopyroxene, have been advo-
cated in the previous study of the sample D11-177,
43°N MAR (Kamenetsky and Crawford 1998). Al-
though shallow melting, especially in the presence of

(O R e e e e L B m o e e L s s e S
Rb Ba ThUN b K La Ce Pb Sr NdSm Zr Eu Ti Gd Dy Y Er Yb

Fig. 8 Average trace element composition of melt inclusions
(circles group-l, closed circles K- and Cl-enriched group-I;
diamonds group-IT), normalised to the composition of the
pillow-rim glass AII32 D11-177

water, and melt re-equilibration with harzburgitic
peridotite are still viable mechanisms for producing
orthopyroxene-saturated MORB liquids, alternative
origin of the association of low-Ca olivine, siliceous
melts and orthopyroxene by assimilation of oceanic
crust is proposed below.

@ Springer



476

Contrib Mineral Petrol (2007) 153:465-481

Table 3 Representative

o N 1 2 3 4 5
compositions of
orthopyroxene inclusions in Grain m465a-2 m465b-1 m465b-6 m465b-7/1 m465b-7/2
olivine phenocrysts Si0, 57.16 56.28 56.77 57.21 57.46
TiO, 0.23 0.18 0.34 0.38 0.17
ALO; 0.84 1.18 1.15 0.81 0.45
FeO 6.33 5.89 6.24 6.43 6.21
MnO 0.17 0.15 0.15 0.15 0.15
MgO 34.71 33.84 34.81 35.02 35.28
CaO 1.29 1.78 1.11 0.92 0.72
Fo mol% forsterite in olivine, Na,O 0.03 0.04 0.02 0.03 0.02
Mg#opx 100 x Mg/ Cr,04 0.27 0.39 0.38 0.17 0.11
(Mg + Feyy,), atomic ratio, Total 101.03 99.73 100.97 101.12 100.57
Where Fetot iS total iI'Ol'l as Mg#OpX 907 911 909 907 910
FeO. See Figs. 1b and 9 for Host olivine
photos of orthopyroxene CaO 022 0.25 0.18 0.15 0.16
inclusions. The compositions NiO 0.26 0.30 0.29 0.24 025
of associated glass can be Fo 90.2 90.8 90.3 90.2 90.3

found in Table 1

High-Si and orthopyroxene-bearing magmas
at 43°N MAR: reactions with oceanic crust?

The dominant population of high-Ca olivine and
associated spinel inclusions in the studied sample
D11-177 are typical of MORB primitive liquidus
assemblage, and the compositions of group-I melt
inclusions resemble the composition of the pillow-rim
glass in this sample. Thus, these compositions are
considered to be a ‘“normal” MORB endmember in
the processes controlling the trends towards unusual
compositions in this sample.

Fig. 9 Photos of
orthopyroxene crystals
coexisting with group-II melt
(glass) in low-Ca,
“‘anomalous” olivine. Scale
bars are 30 pm

ﬂ m465b-6
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In order to constrain the origin of unusual assem-
blage of low-Ca olivine, high-Ti spinel, orthopyroxene
and high-Si melt inclusions in D11-177, we firstly made
comparisons with other orthopyroxene-saturated melts
recorded in mid-oceanic environments, such as the
olivine-hosted melt inclusion from 9°N MAR (Sobolev
and Shimizu 1993b) and parental magmas for the Site
334 cumulates (Elthon et al. 1992; Ross and Elthon
1993). Most striking differences are in that the group-II
melt inclusions in this study are not depleted in
incompatible trace elements as the previous records of
high-Si magmas, but on contrary show strong enrich-
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ment in these elements, as well as K,O, Na,O and TiO,
(Figs. 5, 7, 8; Table 1). Orthopyroxene and spinel
crystals in D11-177 are notably more TiO,-rich (0.17-
0.38 and 1-5 wt%, respectively) than ‘“anomalous”
orthopyroxene and spinel inclusions from 9°N MAR
(0.04 and 0.17 wt%, respectively; Sobolev and Shimizu
1993b). Thus, decompressional melting of refractory
peridotites at low pressure (Elthon et al. 1992; Sobolev
and Shimizu 1993b) is unlikely mechanism to explain
D11-177 melt and mineral compositions.

On the other hand, compositions of orthopyroxene
and spinel from our study (Tables 2, 3) resemble
primitive orthopyroxene (0.13-0.16 wt% TiO,, 0.93—
1.08 wt% Al,O3, 0.53-0.71 wt% CaO; Coogan et al.
2002) and high-Ti spinel in melt-impregnated crustal
and mantle rocks from Hess Deep and Garrett
Transform fault (Fig. 4b). Strong enrichment of the
D11-177 spinel in TiO, relative to that of normal
MORB (Fig. 4) requires unusual enrichment of
parental melts in TiO, (2-5 wt%; Kamenetsky et al.
2001a), and this is in a good agreement with the ob-
served TiO, abundances in the group-1I melt inclusions
(Fig. 5). Increasing abundances of TiO, in Cr-spinel
are coupled with decreasing CaO in associated olivine
(Fig. 4a), and are thus linked to decreasing CaO/Al,O3
(Fig. 6) and increasing SiO, in the melt inclusions.
Importantly, in the trace element enriched group-II
melt inclusions, TiO, (and Zr) demonstrate much
stronger enrichment than the elements of similar
incompatibility (Fig. 7b). Such preferential enrichment
cannot be attributed to melt-peridotite reactions, as it
requires a fractionation, induced by a Ti- and Zr-
bearing mineral(s) (e.g., Ti-magnetite, ilmenite, rutile,
zircon). Similarly, an apatite component is strongly
pronounced in the composition of P-, Ca- and REE-
enriched melt inclusions with relative depletion in
K,0, Rb and Pb (Fig. 7d). It also seems likely that
other mineral phases, such as phlogopite and amphi-
bole, can variably contribute to the ‘“‘chaotic” geo-
chemical patterns of the group-II (Fig. 7b) and group-I,
high-K (Fig. 7c) melt inclusions. At the same time, the
“anomalous” melt inclusions represent primitive (in
terms of high Mg/Fe®") magmas, as their host olivine
phenocrysts (>90 mol% Fo, Fig. 2, Table 1) are among
most primitive olivine in MORB. The fact that in some
“anomalous” inclusions certain elements fractionate
from each other, whereas in other ‘‘anomalous”
inclusions same elements covariate, suggests that ex-
treme compositional variability among the ‘““anoma-
lous” inclusions in this study is a result of juxtaposition
of melting/crystallisation processes in which minerals,
atypical of primitive MORB assemblage, play impor-
tant but differing roles. Where do these non-MORB

minerals come into the processes contaminating com-
positions of primitive MORB magmas?

We, therefore, believe that the only source of min-
eralogical control on the melt anomalies in Ti, Zr, P and
other trace elements, available beneath oceanic ridges,
can be the lower plutonic oceanic crust (layer 3). This is
dominantly composed of gabbroic cumulates, in which
Ti-magnetite, ilmenite, zircon, amphibole and apatite
are commonly recorded as late-magmatic or metaso-
matic accessory minerals (e.g., Hébert et al. 1991;
Natland et al. 1991; Gillis and Meyer 2001; Meurer and
Natland 2001; Natland and Dick 2001; Gillis et al. 2003;
Sharkov et al. 2004, 2005; Koepke et al. 2005a). These
minerals are suggested to be the first dissolving phases if
their host gabbros are either fluxed with melts or fluids
or heated above the solidus temperature. Strong
involvement of apatite into the first melt pools and
formation of immiscible P-enriched melts is argued by
Koepke et al. (2005a), based on melting experiments
with low-P,O5 (0.01 wt%) oceanic gabbros (Koepke
et al. 2004, 2005b). It has been also suggested that local
buffering by Fe-Ti oxides in the dissolution/precipita-
tion reactions within oceanic cumulates can explain
high TiO, content (2.2-4.4 wt%) of newly formed
pargasitic amphibole, especially the grains containing
relics of ilmenite (Koepke et al. 2005a). Similarly,
assimilation of amphibole-oxide gabbros (ferrogabbros
rich in Fe-Ti oxides) has been suggested to explain
Ti-enriched compositions of Cr-spinel in the lowermost
crust of the North Arm Mountain massif, Bay of Islands
ophiolite (Bédard and Hébert 1998).
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Fig. 10 Covariation of Cr,O; in melt inclusions and their host
olivine. Symbols as in Fig. 5
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Contamination of MORB magmas with a compo-
nent unusually enriched in SiO, and depleted in CaO
(low CaO/Al,O5) is strongly pronounced in the
majority of ‘“anomalous” melt inclusions at 43°N
MAR. The only major melt-mineral reaction that may
cause the observed SiO, enrichment coupled with a
pronounced decrease in CaO/Al,O5 is the incongru-
ent melting of plagioclase, which would yield signifi-
cant amounts of albite and orthoclase components
into ‘“‘contaminated” liquids. The presence of ortho-
pyroxene crystals co-trapped with the high-Si melt
inclusions (Figs. 1b, 9) suggests early magma satura-
tion in this mineral. This is typical of boninites;
moreover, U-shaped trace element patterns of these
inclusions reinforce boninitic affinity (e.g., Crawford
et al. 1989). However, relatively low Cr#, high-Ti
compositions of spinel and ‘““dryness” of melt inclu-
sions (inferred from high microprobe totals, Table 1)
are unlike those in boninites. Thus, depleted andes-
itic-boninitic magmas, derived from hydrated harz-
burgites at mid-ocean ridges (Nonnotte et al. 2005),
are not considered here as a plausible contaminating
component. Alternatively, the generation of silicic
melts followed by precipitation of orthopyroxene, as
recorded in hydrous partial melting experiments with
natural oceanic gabbros at 900-1,060°C (Koepke et al.
2004, 2005b), represents in our case more realistic
scenario for derivation of a high-Si melt contaminant
from gabbro melting.

Scales of MORB melt contamination and diversity

Unlike well-established case of significant contamina-
tion of some MORB magmas by seawater-related
Cl-rich components (e.g., Michael and Schilling 1989;
Michael and Cornell 1998), the scale of contamination
of primitive MORB by magmatic dissolution/precipi-
tation reactions with crustal gabbroic cumulates or
crystal mushes, as well as physical and chemical
parameters of interacting melts, rocks and crystals, are
not yet resolved quantitatively. The localised nature of
the reaction processes and insignificant mixing between
primitive MORB magmas and melts derived from
crustal rocks and crystal mushes has been advocated by
Danyushevsky et al. (2003, 2004) in the studies of melt
inclusions from several MORB and subduction-related
suites. Some trapped compositions were shown to re-
cord incongruent dissolution of individual plagioclase
or clinopyroxene crystals (Danyushevsky et al. 2003,
2004). As discussed above, some ‘‘anomalous” melt
inclusion compositions in our study were unambigu-
ously contributed from distinct Ti-, P-, and K-bearing
minerals, however, the general high-Si and low-Ca
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compositional signature of the contaminant requires
melting of a multiphase assemblage (rock or/and crystal
mush) at the interface with hot MORB magma (Bédard
et al. 2000). A population of ‘“‘anomalous” low-Ca
olivine (see also Kamenetsky et al. 2006) crystallising in
a contaminated boundary layer (CBL) and trapping
“anomalous” inclusions of melt, orthopyroxene and Ti-
rich spinel is a good evidence for “‘incomplete mixing in
these contaminated boundary layers” (Bédard et al.
2000). Occurrence of “anomalous’ melt inclusions of
variable composition (Figs. 5, 7, 8), and in particular
within a single olivine crystal in close proximity to each
other (grain #m465b-7, Fig. 1b, Table 1, # 16, 17) fur-
ther suggests that CBL is compositionally heteroge-
neous. Another interesting feature of the CBL magma
is saturation in volatiles (presumably CO,) and sul-
phide melt as evidenced by common occurrence of
gaseous bubbles and sulphide globules in low-Ca oliv-
ine (Figs. 1, 3). The CBL must be also saturated with
Cr-spinel (Fig. 10) that crystallises and accumulates in
greater than cotectic proportions in this specific envi-
ronment (Bédard and Hébert 1998).

If CBL is not particularly oxidised (see data on Fe
Fe** in spinel, Table 2) its Mg# is only marginally
lower than Mg# of the MORB melt in this case, as it
follows from the olivine compositions (Fig. 2, Tables 1,
2, 3). The high Fo compositions of ‘“‘anomalous’ oliv-
ine at 43°N MAR are consistent with the conclusions
of Danyushevsky et al. (2004) that ‘“anomalous”
inclusions are preferentially trapped in forsteritic
olivine. On the other hand, the partial melts of gabbros
at the temperature of primitive MORB magma are
expected to be saturated with high-Fo olivine (Koepke
et al. 2004), although the control from oxygen fugacity
is not to be forgotten.

Do other contrasting chemical parameters tend to
homogenise by either diffusion or mingling, so CBL
undergoes destruction and MORB magmas are con-
taminated? The coexistence of “normal” and “anoma-
lous” melt inclusions within a single olivine crystal
(grain m465a-18, Fig. 1a, Table 1, # 9, 10) and gradual
zoning in the olivine grain m465a-19 (from low-Ca core
with high-Ti spinel towards ‘“normal’ rims with “‘nor-
mal” spinel; Fig. 3, Table 2, # 4 and #5) is a strong
argument for that mixing between CBL and MORB
melts indeed occurred. However, the degree of mixing
at each particular stage of olivine crystallisation remains
unknown, and thus quantitative constraints on a chem-
ical identity of CBL (which is primarily heterogeneous;
see above) and its ‘‘contaminating” effect on the man-
tle-derived MORB melt have no unique solution.

The contamination of primary melts forming
MORB with CBL adds to original diversity generated

2+/



Contrib Mineral Petrol (2007) 153:465-481

479

in the processes of mantle melting. Similar to averaging
primary MORB compositions, locally contaminated
melts are prone to aggregation prior to eruption, and
thus the effects of contamination can be effectively
masked in the erupted magmas. It is worth noting that
magma contamination by interaction with crustal rocks
is complimented by chemical and mineralogical chan-
ges in these rocks (assimilation), and such changes are
by far readily recognised than the magma contamina-
tion. Different mechanisms have been accounted for
melting and recrystallisation in oceanic gabbroic
cumulates, and among them assimilation of crustal
cumulates by hot primitive MORB melts is not to be
ignored in future studies.
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