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Abstract

Major- and trace-element abundances have been obtained for olivine-hosted melt inclusions from a picritic basalt (ARP73—-10—-03)
dredged in the FAMOUS locality along the Northern Mid-Atlantic Ridge. Isolated in homogeneous, highly primitive olivine
phenocrysts (Fog7, 91 .3), melt inclusions provide important information about the processes of melt generation beneath mid-ocean
ridges. They contain near-primary magmas that display a large range of major- and trace-element compositions and form a primitive
continuation of the FAMOUS whole rock suites. Both slightly depleted and enriched melt inclusions can be distinguished on the basis
of their trace-element compositions, with (La/Sm)y ratios ranging from 0.58 to 1.52.

Melt inclusions display chemical trends on both major- and trace-element variation diagrams, indicating that they constitute a suite
of genetically-related, highly primitive magmas. The evolution of the melt inclusions is inconsistent with a model of mantle-melt
chemical exchange during reactive transport, suggesting that the trapped melts are able to preserve pristine information about the
melting process and/or source composition. Comparison of these trends with predicted curves for models of peridotite melting
indicates that compositional variations are best reproduced by polybaric partial melting of a relatively homogeneous mantle source
and subsequent mixing in various proportions of the melt batches produced at different degrees of melting and/or in different parts of
the melting system. These observations require that transport of melts from the melting region to the site of olivine crystallization
occurs without significant chemical exchange with the surrounding mantle.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction thought to begin in the garnet peridotite field (e.g., Salters
and Hart, 1989). After correction for low-pressure frac-

Melt generation at mid-ocean ridges involves poly- tionation, major-element systematics of MORB (mid-
baric melting of an adiabatically upwelling mantle and is ocean ridge basalts) have been explained in terms of

variation of the potential mantle temperature which con-
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variability in the major-element compositions of MORB
to variations in the final pressure of melting controlled by
cooling at the surface, and to heterogeneous source com-
positions, with only modest potential temperature varia-
tions (Niu and Batiza, 1991, 1993; Shen and Forsyth,
1995; Presnall et al., 2002). On the other hand, models for
MORB generation based on trace elements and isotopic
systematics have emphasized the role of a heterogeneous
upper mantle in controlling the chemical variations. This
heterogeneity may include regional chemical and isotopic
gradients along mid-ocean ridges, reflecting the influence
of nearby plumes (Schilling, 1973), as well as ubiquitous
minor isotopic variations in the mantle related to the
presence of stretched strips of subducted oceanic crust
through a ‘marble-cake’ structure (Allégre and Turcotte,
1986).

Compositions of MORB samples thus record the
chemical fingerprint of several factors, such as variation in
the source composition, in the degree of partial melting,
potential temperature heterogeneity, melt extraction,
migration towards the surface, and low-pressure differ-
entiation. Investigation of the effects of melting and
source variation on the small-scale chemical variation in
MORB therefore requires only the most primitive sam-
ples, or those which have been corrected for low-pressure
fractionation. Characterizing instantaneous melts pre-
served as glass inclusions in minerals offers a powerful
perspective on this problem, as inclusions in early-formed
crystals may sample a range of primitive liquids that did
not suffer homogenization or fractionation, for instance,
in shallow magma chambers. They can therefore be used
to assess variations in the mantle source composition and
various aspects of MORB generation, such as the degree
of melting, the style of melt transport and the effects of re-
equilibration and mixing of melt batches (see Sobolev,
1996; Schiano, 2003 and references therein).

In the present study, we report major- and trace-
element compositions of a series of near-primary mag-
mas of MORB preserved as inclusions in high-Mg
olivines from a picritic basalt from the FAMOUS zone,
Northern Mid-Atlantic Ridge. The data will be shown to
provide important information on the nature of melting
processes beneath the ridge. In particular, they demon-
strate that primitive melt inclusions from a single sample
can preserve a large compositional range that can be
modeled by isentropic continuous melting of a homo-
geneous mantle source.

2. Sample description

Primitive olivine-hosted melt inclusions from a MORB
(ARP73-10-03) dredged at the FAMOUS zone (North-

ern Mid-Atlantic Ridge, 36°8372'N, 33°2482'W) were
analyzed. Compositional characteristics of whole rocks
from the FAMOUS area suggest a large range of parental
magmas (Langmuir et al., 1977; White and Bryan, 1977;
Bryan, 1979; Le Roex et al., 1981; Frey et al., 1993) as a
result of dynamic melting (Langmuir et al., 1977) and low-
pressure crystallization (Bender et al., 1978; Frey et al.,
1993). This area is part of a geochemical anomaly along
the Mid-Atlantic Ridge (31-41°N) associated with the
Azores hotspot (Dosso et al., 1999). In addition, small-
scale heterogeneity of the upper mantle beneath the
FAMOUS zone has been identified from Pb and Os
isotopic compositions of whole rocks and sulfide globules
(Dupré et al., 1981; Roy-Barman et al., 1998).

The ARP73-10-03 sample is a picrite containing
more than 20% olivine phenocrysts (1-5 mm; Fog7, 91 3),
rare clinopyroxene (~1 mm) and plagioclase xenocrysts
with typical rounded shapes, abundant spinel as inclusions
in olivines or as discrete crystals in the groundmass
(Kamenetsky, 1996) and a hyalocrystalline groundmass
composed mainly of glass, plagioclase (An;s_gg) and
olivine microlites (~ Fogg). The picritic composition of the
host rock (MgO=24 wt.%) is not representative of a
pristine magma and essentially reflects mechanical accu-
mulation of olivine (Le Roex et al., 1981), a hypothesis
further supported by Os isotope compositions of the
constituent phases of the sample (Gannoun et al., 2004).

Primary glass inclusions, randomly dispersed in oliv-
ine phenocrysts, are sub-spherical (10-300 um in diam-
eter) and generally have negative crystal shapes with
planar facets and rounded edges (Fig. 1). The absence of
minute daughter minerals in the inclusions and the
rareness of thermal shrinkage bubbles give evidence for
fast cooling by quenching of the host crystals. Primary
glass inclusions have also been found within Cr-spinels in
the ARP73—-10-03 MORB (Kamenetsky, 1996).

3. Analytical techniques
3.1. Electron microprobe analysis

Major-element compositions of melt inclusions and
host olivines were measured with a CAMECA SX 100
microprobe at the Laboratoire Magmas et Volcans. The
following routine was used for glass (peak counting
times are given for each element): an accelerating volt-
age of 15 kV, a sample current of 8 nA for Na (20 s), Al
(10s),Si(10s),Ca(50s)and Fe (50 s), and 50 nA for Mg
(50 s), Ti (50 s), Mn (200 s), Cr (100 s), K (50 s), CI
(100 s) and S (50 s), and a defocused beam of 5 to 10 pm.
Background counting times were 50 s for Cl and S. For
olivines, the beam size was 1 um and the beam current
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Fig. 1. Transmitted-light photomicrograph of a primary silicate melt
inclusion in an olivine phenocryst from ARP73—10—-03 MORB sample.
Melt inclusions are glassy and often show a negative crystal morphology
resulting from the minimization of interfacial energy: in this case, the
equilibrium crystal shape is a rounded polyhedron with planar facets, as
illustrated by the brighter facet in the upper right part of the inclusion.

was 15 nA for Si (10 s), Mg (10s), Al (30 s) and Fe (50 s)
and 50 nA for Ca (50 s) and Ni (50 s). The CAMECA set
of standards (synthetic and natural minerals or oxides)
was used for routine calibration, except for S which was
calibrated on the basaltic glass standard ALV 981 R23
(Metrich and Clocchiatti, 1989; Metrich et al., 1991;
Metrich and Clocchiatti, 1996). Analytical uncertainties
were obtained from replicate measurements (Table S2,
Supplementary data) of the natural glasses ALV 981 R23
(Metrich and Clocchiatti, 1989; Metrich et al., 1991;
Metrich and Clocchiatti, 1996), USGS VG-2 (Dixon
et al., 1991; Thordarson et al., 1996; de Hoog et al.,
2001; Thornber et al., 2002), USGS VG-A99 (Dixon
et al.,, 1991; Thordarson et al., 1996; de Hoog et al.,
2001; Thornber et al., 2002), Kel2 (Palais and
Sigurdsson, 1989; Metrich and Rutherford, 1992),
Ve32 (Schiano et al., 1997) and ATHO (Oskarsson et
al., 1982). The total analytical error, including both
precision and accuracy of measurements, for the VG-2
basaltic glass was 2.1% rel. for SiO,; 1.8% for MgO,
TiO, and Al,O5; 2.4% for CaO; 2.7% for K,0; 3.4% for
FeO; 7-8% for Na,O and P,Os; 12% for MnO and 50%
for Cr,03. Detection limits for S and CI were ~75 and
50 ppm respectively and the total analytical error for S
and Cl, including precision and accuracy of measure-
ments, was 15% rel. for S and 40% rel. for Cl for the
concentrations analyzed in our inclusions.

No effect of alkali-loss was observed on natural
glasses of basaltic composition (ALV 981 R23, VG-2,
VG-A99 and Ve32) under the analytical conditions
applied during melt inclusion analysis: 15 kV, 8 nA and
10 pm beam. This effect exists under these conditions for
Si-rich glasses only (Kel2 and ATHO).

3.2. Secondary ion mass spectrometry

Trace-element compositions were measured with a
Cameca IMS 4f ion microprobe at CNR-IGG (Pavia).
Gold-coated polished samples were bombarded by a
mass-filtered '°0™ primary beam accelerated at 12.5 kV.
The primary ion beam had a current intensity ranging
between 8 and 13 nA, which corresponds to a beam
diameter <20 um. The width of the energy slit was 50 eV
and the voltage offset applied to the sample accelerating
voltage (+4500 V) was — 100 V. This corresponded to the
analysis of secondary ions with emission kinetic energies
in the range ~75—125 eV. The filtered secondary ions
were extracted and focused under an ion image field of
25 um. We used the largest contrast diaphragm and field
aperture (diameters of 400- and 1800-um, respectively),
at a mass resolving power of ~600 (M/AM).

REE were analyzed with a procedure similar to that
developed by Bottazzi et al. (1994) for silicates. La, Ce,
Nd, Sm, Er and Yb were analysed by measuring the
signals from one isotope, i.e. 139 a, 149Ce, 14N, '4Sm,
'7Er and ""*Yb. For Eu we used a deconvolution pro-
cedure to remove BaO interferences from Eu isotopes.
Ion signals were detected at mass 154, 160 and 162 in
order to discriminate Gd (and Dy) from CeO and NdO
interferences. Dy was monitored also through the isotope
163. Moreover, in the case of Er, we improved the
reliability of analysis by evaluating the '*'Eu'°O con-
tribution at mass 167 from the Eu" signal and from the
oxidation ratio (i.e., Eu0/Eu") as determined on the
calibration standards under the adopted analytical con-
ditions. A similar procedure was used to correct Yb from
GdO interference at mass 174.

Concerning the other trace elements, signals were
detected from the following isotopes: 'Li, *Be, ''B, '°F,
9K, 458c, 47Ti, 51V, 52Cr, SRb, *Sr, 2V, %0Zr, SN,
133Cs and '*"Ba. All of them were monitored in the same
analytical run together with the REE ion signals. There
was a waiting time of 450 s necessary to obtain steady-
state sputtering conditions, and then three acquisition
cycles with the following counting times per cycle:
Li(55s),Be(5s), B(10s), F(105s), Si (2s), K (2 s),
Sc(5s), Ti (2s), V(55s),Cr(5s), Rb (5s), Sr(55),
Y (10s), Zr (8 s), Nb (8 s), Cs (8 s), Ba (8 s), La (10 s),
Ce (105s),Nd (105s),Sm (155s), Dy (20s), Erand Yb(15s
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Fig. 2. FeO* vs SiO, concentrations for primitive olivine-hosted melt
inclusions in ARP73—10—03 MORB. FeO* is total iron reported as FeO.
Shaded circles correspond to the compositions of melt inclusions
corrected for post-entrapment overgrowth of olivine, following the
procedure described in Appendix A. Open circles correspond to the
compositions of six melt inclusions homogenized with an optical heating
stage. The compositions of melt inclusions normalized to the most
primitive olivine Foo; 5 (open triangles; i.e., compositions are brought
back to a Mg# value of 0.78, which corresponds to the composition of a
melt in equilibrium with Fog, 5 olivine, by dissolving olivine into the
melt) are also reported for comparison. The correlation is still valid in the
“normalized” compositions, indicating that pre-entrapment crystalliza-
tion of olivine cannot produce the compositional variation of the melt
inclusions. Melt inclusions trapped in spinel crystals from the same
sample (solid squares, Kamenetsky, 1996) display chemical composi-
tions similar to olivine melt inclusions from this study.

each). For the deconvolution procedure the counting
times were: 10 s (mass 151), 5 s (mass 154), 20 s (mass
160 and 162, each). The instrumental background was
tested at mass 1.5 amu and resulted in a negligible con-
tribution. *°Si* was selected as the isotope of the ref-
erence element (Si) for these matrices.

Mass calibration of the ion signals in the magnet of the
ion microprobe was realized with the international
standard SRM-NIST 610. Seven well-characterized refer-
ence silicate standards (371, 315, 370, KSS, JDF-D2, BB
and BCR-2G; Table S3, Supplementary data) were used to
convert ion intensities into elemental concentrations. NIST
610 was used as the primary standard for B (Ottolini et al.,
1993), whereas Li and Be were calibrated with basalt BB,
kaersutite Soda Springs (KSS) and glass BCR-2G. F was
calibrated via KSS which belongs to our working curve
defined for F in silicates: uncertainty by ~20% rel. (see
Ottolini et al., 1994 for further details).

Comparison between the SIMS concentrations in the
standards and the reference values, together with the
precision (1o) that represents the reproducibility on three
analytical sessions over a one-month span can be found
as supplementary information (Table S3, Supplementary
data). Relative precision is generally better than 10% for

all the elements. The precision of a single analysis from
Poisson counting statistics for the various isotopes de-
tected is on the order of 10% or better at ppm wt con-
centration (see Messiga et al., 1995 for further details).
Corrections were done to remove residual interferences
at mass 45 (amu) for Sc (*?Si'°0") and mass 52 (amu)
for Cr (**Mg?*Si"). The trace-element concentrations
were derived from the SiO, (wt.%) values from EMP
analyses in the melt inclusions. The agreement between
the reference and SIMS data (accuracy) is generally
within the uncertainty of analysis (1-2¢). Larger scatter
was obtained for the alkali elements Rb and Cs which are
very mobile under the O™ primary beam. In the case of
Rb, the glasses 315, 371 and 370 were used as primary
standards since their Rb concentration is on the same
order of that in the melt inclusions. Considering the
overall uncertainty of the reference data for Rb and Cs in
the standards used in this study, we can estimate an
uncertainty of <20-25% rel. in the final SIMS data.
Since the data for K assumed as the reference for SIMS
are generally derived from electron microprobe analysis
and bias in EMPA measurement was revealed as a
consequence of alkali-loss under the electron beam,
the accuracy for K was <15% rel. Similar accuracy
(=£15% rel.) is estimated for Cr.

4. Results

Major- and trace-element compositions of the melt in-
clusions, after correction for post-entrapment crystalliza-
tion of the host phase (see below), are presented in Table S1
in supplementary data.
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Fig. 3. FeO* vs MgO plot of olivine-hosted (this study) and spinel-
hosted (Kamenetsky, 1996) melt inclusions from the ARP73—-10-03
sample, FAMOUS whole rocks and basalt glasses (Langmuir et al.,
1977; Bryan, 1979; Le Roex et al., 1981). Melt inclusions plot at the
primitive end of FAMOUS basalt trends. Two whole rock composi-
tions with MgO> 15 wt.% have been omitted for clarity.
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4.1. Major-element compositions

Atthe time of entrapment, the melt is in thermodynamic
equilibrium with the crystallizing host olivine. During
cooling of the system, olivine crystallization occurs at the
inclusion walls, which modifies the melt composition.
Consequently, the Mg—Fe exchange coefficient
Kg(;,L“‘Lq:\XM;’X( between inclusions (Liq) and their host
olivines “(Oml) decreases to values much lower (between

0.13 and 0.20) than the nominal value of 0.30+0.03
generally admitted for basaltic magmas at 1 atm (Roeder
and Emslie, 1970). Correction for this post-entrapment
overgrowth was carried out numerically as explained in
Appendix A. This was done by using the model for k75,
recently proposed by Toplis (2005), which quantifies the
effects of pressure, temperature, olivine and liquid
compositions on the exchange coefficient. For comparison
with the corrected data, the initial major-element
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Fig. 4. Ternary projections of the major-element compositions of olivine-hosted (this study) and spinel-hosted (Kamenetsky, 1996) melt inclusions,
and experimental lherzolite melts into the normative tetrahedron olivine-clinopyroxene-plagioclase-silica using the projection scheme of Walker et al.
(1979). Compositions of melt inclusions in olivine are corrected for post-entrapment olivine growth, or homogenized. Experimental peridotite melts
at 1 GPa (Baker et al., 1995; Hirschmann et al., 1998; Pickering-Witter and Johnston, 2000; Falloon et al., 2001; Schwab and Johnston, 2001;
Wasylenki et al., 2003; Laporte et al., 2004) are divided in two groups: 1) melts in equilibrium with olivine+orthopyroxene+ clinopyroxene+spinel
(arrow Ol+Opx+Cpx+Spl, which points toward increasing extents of melting); and 2) compositions in equilibrium with olivine+orthopyroxene+
spinel (arrow Ol+Opx =+ Spl). Experimental melts produced at 0.5 GPa from a plagioclase/spinel peridotite (D. Laporte, unpublished data) are also
shown to indicate that the compositional variations in the melt inclusions are not primarily controlled by variation in the depth of melting. Whole rock
data from the FAMOUS zone (Langmuir et al., 1977; Bryan, 1979; Le Roex et al., 1981; crosses) have also been reported for comparison. Melt
compositions are projected from plagioclase onto the olivine—silica—diopside plane (a) and from olivine onto the plagioclase—diopside—silica plane
(b). In (a), experimental melts produced at higher pressures (up to 3 GPa; Kushiro, 1996) would plot closer to the olivine apex and are therefore
inconsistent with the melt inclusion data. In (a) and (b), melt inclusions are enriched in the diopside component compared to experimental and most
whole rock data. This enrichment cannot be due to olivine crystallization prior to melt entrapment as projection (b) is not sensitive to olivine
fractionation.
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compositions of six glassy melt inclusions were experi-
mentally restored by heating up to the homogenization
temperature (1270-1300 °C) using a high temperature,
He-atmosphere, optically controlled heating/quenching
stage. Compositions of the heated inclusions plot along
the trends of numerically corrected compositions (Fig. 2).
It has been proposed (Danyushevsky et al., 2000;
Gaetani and Watson, 2000, 2002) that major-element
compositions of melt inclusions trapped in olivine could
be modified after entrapment by the combined effects of
Fe—Mg exchange with the host crystal and diffusive re-
equilibration with the external melt. The result is a
significant decrease in FeO and increase in MgO in the
trapped melt. Major-element compositions of the melt
inclusions fall at the primitive end of the trend of whole
rocks and basaltic glasses from the same area, and no
evidence for “FeO-loss” is observed (Fig. 3). Another
argument against significant re-equilibration of the
inclusions is the consistency between their major-element
compositions (including FeO) and those of inclusions
hosted in spinel (Kamenetsky, 1996; Figs. 2 and 3).
After correction for post-entrapment crystallization,
or using experimentally heated samples, silicate melt
inclusions in high-Mg host olivines (Fog;, to Fog; 3)
display Mg#s (Mg/(Mg+Fe®")) ranging from 0.70 to
0.78. When projected from plagioclase onto the olivine-
silica-diopside plane (Walker et al., 1979; Stolper, 1980),

100

they plot close to experimental peridotite melts produced
at 1 GPa (Baker et al., 1995; Hirschmann et al., 1998;
Pickering-Witter and Johnston, 2000; Falloon et al.,
2001; Schwab and Johnston, 2001; Wasylenki et al.,
2003; Laporte et al., 2004), which confirms their near-
primary characteristic (Fig. 4a). However, they show a
slight enrichment in the diopside component. This en-
richment cannot be solely due to a pre-entrapment oliv-
ine fractionation process as it is also observed in the
projection from olivine onto the silica-diopside-plagio-
clase plane (Fig. 4b). Plausible causes for this enrich-
ment will be evaluated in Section 5.1.

The inclusions have olivine tholeiite compositions
consistent with previous studies (Kamenetsky, 1996;
Shimizu, 1998). They display significant variations in
major-elements (e.g., 6.5-9.1 wt.% FeO*, 10.4—13.3 wt.%
MgO, 1.25-1.85 wt.% Na,O) and define clear correlations
in binary diagrams (Fig. 2). Such variations were already
present in the data set before correction for host olivine
crystallization, so they cannot be an artifact of the
correction procedure. It is important to note that although
melt inclusions plot at the primitive end of the
compositional trend of FAMOUS whole rocks (Fig. 3),
the major-element correlations defined in the inclusions
are distinct from the whole rock trends. This observation
is consistent with the assumption that melt inclusions in
carly-formed minerals record early steps in the evolution

100.0
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Sample / Primitive mantle
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Fig. 5. Primitive mantle-normalized diagram (Sun and McDonough, 1989) (a) showing trace-element data for olivine-hosted melt inclusions in
MORB sample ARP73—-10-03. The elements are classified according to the incompatibility sequence previously determined for MORB genesis
(Hofmann, 1988). Also shown for comparison are the compositions of FAMOUS whole rocks and basalt glasses (shaded area; Langmuir et al., 1977;
White and Bryan, 1977; Le Roex et al., 1981) and the composition of the sample ARP73—10—-03 used for this study (solid squares). The insert
(b) shows the chondrite C1- (Sun and McDonough, 1989) normalized abundance patterns for rare-earth elements in the melt inclusions. Crossing of
REE patterns in the melt inclusion data is illustrated by five representative compositions (c).
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of magmas before aggregation at shallower levels
(Sobolev, 1996; Shimizu, 1998; Schiano, 2003). Also,
as illustrated in Fig. 2, progressive pre-entrapment
crystallization of olivine (from Fog; 3 to Fog7,; i.e., the
whole range of composition of the host olivines) cannot
produce the compositional variation of the melt inclu-
sions, although it might be responsible for some of the
scatter observed within the correlations. These results
unambiguously demonstrate that primitive magmas with
significantly different major-element compositions coex-
isted at the site of olivine crystallization and melt
entrapment.

4.2. Trace-element compositions

The main features of the REE patterns on a chondrite-
normalized plot are the presence of both LREE-enriched
and LREE-depleted patterns and the lack of correlation
between HREE abundances and the degree of LREE
enrichment, as expressed by the crossing of REE patterns
(Fig. 5). In detail, while most inclusions have very
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similar REE patterns with nearly flat shapes, four LREE-
enriched inclusions have (La/Sm)y ratios >1.2, while
four LREE-depleted inclusions show (La/Sm)y ratios
<0.75. The compositional range of the trapped
melts within one sample is almost as large as the whole
range found in bulk rocks and basaltic glasses from the
FAMOUS zone (Langmuir et al., 1977; White and
Bryan, 1977; Le Roex et al., 1981; Fig. 5) and the range
of incompatible-elements overlaps for the most part the
field of N-type MORB. In detail, however, variation of
the moderately incompatible-elements is larger for
whole rocks than for melt inclusions while the range of
variation for the most incompatible-elements (Rb, Ba,
Nb and K) is similar (Fig. 5).

4.3. Major and trace-element heterogeneity and
decoupling

The variations in the major-element concentrations

(standard deviation/mean concentration) in the melt
inclusions are greater for TiO, (12%), Na,O (9%) and

20
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Fig. 6. Major and trace-element trends in melt inclusions. Solid squares are melt inclusions trapped in spinel (Kamenetsky, 1996). The chemical
heterogeneity defines binary trends for both major and trace elements between an “enriched” end-member (high Al,05, TiO, and Na,O, and low MgO
for major-elements; high Ba and K for trace elements) and a depleted end-member. 2 o errors are indicated when larger than the size of the symbols.
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FeO (8%) than for other elements (also observed in melt
inclusions trapped within spinels; Kamenetsky, 1996).
The major-element compositions define binary trends
(Figs. 2 and 6 and see Appendix B) between an enriched
end-member characterized by high FeO, Na,O, TiO,,
Al,03, and relatively low SiO, and MgO contents, and a
depleted end-member characterized by low FeO, Na,0,
TiO,, Al,0Os, and high SiO, and MgO contents. Trace-
element heterogeneity also defines binary trends in
element—element plots, ratio—element plots and ratio—
ratio plots (Fig. 6 and Appendix B) between an end-
member enriched essentially in the most incompatible-
elements (e.g., Rb, Ba, K, Nb) and a depleted one.

An important feature of the chemical compositions of
the melt inclusions is the apparent decoupling between
major- and trace-element concentrations; i.e., no correla-
tion between major- and trace-element concentrations is
observed (see Appendix B). This characteristic has also
been pointed out for whole rocks from the FAMOUS
region (Langmuir et al., 1977; Bryan, 1979) and seems
inconsistent with a single simple petrogenetic process.
These observations will be a key point of the following
discussion.

5. Discussion

Melt inclusions trapped in Mg-rich olivine crystals
from the ARP73—-10—03 MORB display a large range of
major- and trace-element compositions and show chemi-
cal trends in binary diagrams (Fig. 6), suggesting that
they constitute a suite of genetically-related primitive
magmas. Various processes could have produced this
evolution, including progressive partial melting, mantle-
melt interaction during melt transport and/or mixing
between different mantle sources. In the following, these
models are discussed and evaluated in the light of the
results summarized above.

5.1. CaO content in the melt inclusions

The olivine-hosted melt inclusions have higher CaO/
Al O3 ratios (up to 1) than most FAMOUS whole rocks
(Langmuir et al., 1977; Bryan, 1979; Le Roex et al., 1981)
and spinel-hosted melt inclusions (Fig. 7; Kamenetsky,
1996). In addition, their CaO content extends to values
(up to 14.1 wt.%) higher than those reached during
experimental lherzolite melting under dry or hydrous
conditions (see discussion in Schiano et al., 2000; Médard
et al., 2004). An early episode of olivine fractionation at
high pressure could account for the high CaO contents of
the melt inclusions, but not for their high CaO/Al,0;
ratios.

The presence in some MORB of olivine-hosted melt
inclusions with high CaO contents, sometimes associated
with positive Sr anomalies and/or high Al,O3 contents
(Kamenetsky and Crawford, 1998; Danyushevsky et al.,
2004) has been interpreted as reflecting reactions between
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Fig. 7. Variation of CaO/Al,O3 as a function of FeO* (a) and MgO
(b). Shaded circles are melt inclusions in olivine (this study). Solid
squares are melt inclusions in spinel from the same sample
(Kamenetsky, 1996). (a) Solid diamonds are orthopyroxenes selected
from experimental starting materials (Wasylenki et al., 2003; Laporte
et al.,, 2004); clinopyroxenes with elevated CaO/Al,O; values are
represented by the arrow. Whole rock and glasses data from the
FAMOUS zone (Langmuir et al., 1977; Bryan, 1979; Le Roex et al.,
1981; crosses) have also been reported for comparison. No evidence of
pyroxene dissolution is observed from this diagram. (b) Experimental
melts from model refractory lherzolite DMM1 (Wasylenki et al., 2003)
and fertile lherzolite MM3 (Baker et al., 1995) and the olivine+
clinopyroxene-rich mix INT-B (Schwab and Johnston, 2001) are
reported. CaO/Al,05 ratio is equal to 0.9 for DMM1 and MM3, and
3.4 for INT-B. This figure shows that at high MgO contents (13.5—
16 wt.%), pyroxenite or wehrlite melting produces CaO/Al,O5 ratios
that are much too high, while peridotite melting can account for the
values of CaO/Al,O5 ratio in the melt inclusions. Melt inclusions in
Cr-spinel analyzed by Kamenetsky (1996) in the ARP73-10-03
sample (solid squares) have similar mean compositions to those in
olivines, but some display slightly lower MgO contents and CaO/
Al O5 ratios, which may indicate that they contain lower degree melts
than the inclusions in olivines.
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plagioclase and/or clinopyroxene and primitive mantle
melts. However, no Sr anomalies are observed in the
FAMOUS melt inclusions, which rules out the hypothesis
of plagioclase assimilation. Also, dissolution of clinopyr-
oxene by interaction of ascending melts with wehrlites or
crustal gabbros results in the formation of Cr-rich spinel
(Cr# up to 70 mol%, instead of <60 mol% in MORB)
and melts characterized by high CaO and low Al,O;
(~12 wt.%) (Kamenetsky and Crawford, 1998). In
contrast, the FAMOUS melt inclusions display “normal”
Al,O5 contents (13.9—16.3 wt.%) and the Cr# of spinels
from the host rock does not exceed 53 mol% (Kame-
netsky, 1996). Finally, a plot of CaO/Al,O3 vs FeO*
(Fig. 7a) shows no evidence for clinopyroxene or ortho-
pyroxene dissolution.

An alternative explanation is that the CaO-rich com-
positions of the inclusions partially reflect combined
dissolution-reaction-mixing processes due to localized
fast crystallization rates at the margins of the “plumbing”
system (Danyushevsky et al., 2004). Following this
hypothesis, high cooling rates would enhance rapid
crystallization of olivines containing large melt inclu-
sions that sample the reaction zone. However, the
ARP73-10-03 melt inclusions are found in olivine
phenocrysts that display a polyhedral habit, a morphol-
ogy which typically forms during slow crystal growth
(Baronnet, 1984), and therefore can hardly be reconciled
with high cooling rates.

Post-entrapment re-equilibration of melt inclusions
with the surrounding melt by diffusion of Mg, Fe and Ca
through the host crystal can also play a role in generating
CaO-rich inclusions (Gaetani et al., 2002). However, as
Fe and Mg interdiffusion rates in olivine are faster than
Ca diffusion (Jurewicz and Watson, 1988), FeO and
MgO contents should re-equilibrate before CaO. As
previously discussed, no evidence for diffusive Mg—Fe
re-equilibration was found in our melt inclusions.

Fig. 4b shows that the melt inclusions are enriched in
the diopside component (i.e., characterized by high CaO
contents and CaO/Al,Oj ratios) rather than simply char-
acterized by high CaO concentrations. During melting,
the diopside content of lherzolite melts increases until
clinopyroxene is exhausted from the residue. In addition,
experimental studies of peridotite melting indicate that the
diopside component in melt compositions increases with
increasing CaO/Al,Oj ratio in the source (Fig. 7b). Melts
with high CaO/Al,O; ratios could thus result from
melting of highly depleted lherzolites with a very low
fraction of clinopyroxene (Wasylenki et al., 2003), but
also from high degrees of melting of fertile lherzolites
(Baker et al., 1995). However, partial melts of refractory
lherzolites or high-degree melts of fertile lherzolites

display elevated MgO contents (=14 wt.%), requiring
olivine fractionation to decrease their MgO contents to
those of the FAMOUS melt inclusions (10.4—13.3 wt.%).
In this case, the maximum CaO content in the primary
lherzolite melts is increased to the maximum value in the
melt inclusions by olivine crystallization. Accordingly,
the CaO contents and CaO/Al,Oj ratios (the latter being
unmodified by olivine fractionation) in the melt in-
clusions can be successfully reproduced by partial melting
of refractory or fertile lherzolites with high CaO/Al,03
ratios (Fig. 7b). Melting of clinopyroxene-enriched and
orthopyroxene-depleted lithologies such as wehrlites or
garnet pyroxenites is therefore not required.

5.2. The role of melt-mantle interaction

Magmas migrating through the mantle can interact
chemically with the matrix towards a state of equilib-
rium (Navon and Stolper, 1987). Several studies have
thus emphasized the role of reactive melt transport on
the geochemical features of magmas (McKenzie, 1984;
Spiegelman and Elliot, 1993; Kelemen et al., 1995a,b;
Spiegelman et al., 2001; Spiegelman and Kelemen,
2003). For instance, dunite channels observed in mantle
sections of ophiolite and peridotite massifs have been
interpreted as the results of reactive dissolution as mag-
mas percolate through a lherzolite or harzburgite mantle
towards the surface (Kelemen et al., 1995a,b, 1997,
Asimow and Stolper, 1999).

In a previous study of olivine-hosted melt inclu-
sions in another basalt from the FAMOUS area, Shimizu
(1998) suggested that geochemical variations in the
melts resulted from interaction with wall-rock mantle,
according to a combined assimilation-fractional crystal-
lization (AFC) mechanism (DePaolo, 1981). Zone
refining or AFC models focus on trace-element effects
at the melt front and thus do not provide direct in-
formation on the temporal evolution of melts emerging
from the matrix column through which magma flows.
Therefore we have used the model of equilibrium re-
active transport in the mantle described by Reiners
(1998) to evaluate whether melt/matrix interaction could
have played a role in the generation of the melts trapped
in the FAMOUS inclusions. In this model, melt migrates
through the column of reactive mantle, successive melt
batches emerge and their compositional variations reflect
the reactive capacity of the mantle (see caption of Fig. §
for model parameters).

In our calculations the source and the column matrix
are similar in composition, so the melt and the solid will
be respectively enriched and depleted in incompatible
elements during the exchange mechanism. Chemical
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Fig. 8. Primitive mantle-normalized diagram (Sun and McDonough,
1989) showing trace-element evolution of model melts emerging from
amantle column and produced by chemical interaction with the mantle
matrix during melt transport as described by Reiners (1998). The
model assumes local trace-element equilibrium between migrating
melt and surrounding mantle. The initial melt introduced at the base of
the mantle column (squares) is produced by 5% continuous melting
(Sobolev and Shimizu, 1993b) of a depleted MORB mantle source
(“average” DMM of Workman and Hart, 2005). Trace-element
patterns are shown for melts emerging at different times: from the
melt front composition (the first melt that emerges from the column,
and thus the most enriched one) until the return to the input melt
composition. In our calculation, the same spinel lherzolite composition
is used to simulate the melt source and the column matrix. The initial
porosity of the matrix is 5% since intergranular porosity in the mantle
ranges between 1 and 6.5% (Kelemen et al., 1997). In our calculations,
chemical interaction occurs either with no mineralogical reaction in the
matrix (a) or with a lherzolite-to-dunite reaction by dissolution of
pyroxene (b). Porosity is maintained at a constant percentage in the
calculations presented in these figures (5%), but the effect of porosity
changes on melt compositions is small compared to the effects of
mineralogical reactions.

interaction occurs in two different manners: (i) no miner-
alogical reaction in the matrix, and (ii) lherzolite-to-dunite
reaction by dissolution of pyroxene. As demonstrated by
Reiners (1998) and also observed in our calculations
(Fig. 8), the main features of reactive melt transport are:
(1) enrichment of incompatible-elements in the leading
melt batches and decreasing concentrations in successive
melts (i.e., with time), (2) chromatographic decoupling in

the variation of trace-element compositions (i.e., decou-
pling of concentrations of trace elements with different
bulk partition coefficients in successive melt batches
emerging at the top of the column), (3) large variation in
HREE in the case of lherzolite-to-dunite reaction in the
column.

No significant HREE variations are found in the
inclusion data contrary to what is observed in the case of
lherzolite-to-dunite reaction (Figs. 5 and 8). Moreover, in
the model with no mineralogical reaction, the chromato-
graphic decoupling of concentrations of trace elements
with varying bulk partition coefficients in successive melt
batches emerging from the column is not related to a
crossing of the patterns, contrary to what is observed in
the melt inclusions. This suggests that the trace-element
variation in the FAMOUS inclusions is dominated mainly
by melting processes, mixing of melts and/or source het-
erogeneity rather than reactive melt transport.

5.3. The role of partial melting processes

In this section, we assess whether variable extents of
partial melting could be a plausible explanation for the
evolution of the major- and trace-element compositions
of the melt inclusions. We test this hypothesis using
different models of partial melting, including isobaric
versus polybaric melting processes. The models are
based on calculations from the latest version of the
pHMELTS algorithm, Adiabat_1ph (Smith and Asimow,
2005), and the ridge model of Langmuir et al. (1992).

MELTS computational algorithm applies thermody-
namic models of minerals and silicate liquids to calculate
phase equilibria as a function of intensive variables and
bulk composition (Ghiorso and Sack, 1995). New cali-
brations and refinements have been incorporated in a
revised version, pMELTS (Ghiorso et al., 2002), which
has been expanded again recently to the pHMELTS model
that includes H,O and trace elements (Asimow et al.,
2004; Smith and Asimow, 2005). Given the discrepancies
that exist between pHMELTS calculations and the results
of peridotite melting experiments (Ghiorso et al., 2002),
we focus on comparing calculated trends with the melt
inclusion evolution rather than using them to predict
accurate quantitative values.

5.3.1. Isobaric partial melting

Two types of melting regime were investigated using
pHMELTS: batch and continuous melting. During batch
melting, melt remains in contact with the residue and re-
equilibrates at every temperature. During continuous
melting, melt is continuously extracted from the mantle
except a small fraction (2 wt.% in this study) which is
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retained in the residue. The coherency for major-
elements between the batch melting calculations and
experimental melts of lherzolite rock-types at 1 GPa
(Baker et al., 1995; Kushiro, 1996; Hirschmann et al.,
1998; Wasylenki et al., 2003; Laporte et al., 2004) is
illustrated in Fig. 9. Experimental melts of MM3 fertile
lherzolite (Baker et al., 1995; Hirschmann et al., 1998)
are consistent with isobaric batch trends calculated with
pHMELTS, despite a slight MgO overestimation and
Al,0O3 and CaO underestimation in the model melts.
Overall, major-element compositions of the inclusions
are consistent with 1 GPa batch melts formed either at
high melt fractions (up to 25%) from a fertile lherzolite or
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Fig. 9. MgO vs SiO; (a) and Na,O vs FeO* (b) in olivine-hosted melt
inclusions (shaded circles) and experimental melts produced by
melting of MM3 starting composition at 1 GPa (solid circles; Baker
et al., 1995; Hirschmann et al., 1998). Crosses and triangles are
pHMELTS model melts for isobaric batch and continuous melting,
respectively, at 1 GPa. Degrees of melting are indicated along the
curves with a regular font for batch melts, italic for continuous melts
and bold underlined for experimental melts. Oxygen fugacity is set at
QFM-1 in the calculations. In the continuous melting model, 2% of
melt is retained in the source. It should be noted that the range of the
degree of melting that could account for the variation in the melt
inclusions differs from one element to another.
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Fig. 10. (a) FeO* vs SiO, in olivine-hosted melt inclusions (this study;
shaded circles) and spinel-hosted melt inclusions (solid squares;
Kamenetsky, 1996) from MORB ARP73-10-03. Melt fractions (wt.
%) are reported along the trends. (b) Na,O in experimental lherzolite
melts vs degree of melting, F. Experimental melting trends at 1 GPa are
from the following starting materials: MM3 (Baker et al., 1995) fertile
lherzolite and DMM1 (Wasylenki et al., 2003) and Depma (Laporte
et al., 2004) harzburgites. Black curves correspond to the best fits of
experimental melting trends. The range of Na,O contents in the melt
inclusions is represented by the shaded area.

at low melt fractions (1-5%) from a refractory lherzolite
(Fig. 10). However, some inconsistencies remain such as
the relatively high FeO* contents in the melt inclusions
compared to experimental melts produced at 1 GPa
(Fig. 10a) and the small variation in the Na,O content
(Fig. 10b). Furthermore the degree of melting necessary to
account for the concentration range strongly differs from
one element to the other (Fig. 10). For instance, FeO
concentrations require a much larger range of the degree
of melting than other elements, in particular for a re-
fractory lherzolite source (Fig. 10a). These observations
rule out a major role of isobaric melting in the evolution of
the compositions of the melt inclusions.

5.3.2. Polybaric partial melting
Polybaric, isentropic melting of the upwelling mantle,
where instantaneous melts are produced over a range of
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Fig. 11. Evolution of instantaneous melts computed using the ridge
melting model of Langmuir et al. (1992), over a range of pressures of
~2.7-0.5 GPa. Squares and diamonds correspond to batch and
fractional melting trends, respectively; melt fractions (wt.%) are
indicated along the curves. Source composition used in the calcula-
tions is the average DMM from Workman and Hart (2005) (Table 1).
Melt inclusions show a large variation in FeO* correlated with a small
decrease of the abundance of incompatible-elements such as NaO,
(also true for TiO,), while polybaric melting predicts larger variations
of Na,O with the melt fraction.

pressures from the garnet to the plagioclase stability fields
and subsequently mixed, is generally thought to be a more
viable process than isobaric melting to explain MORB
petrogenesis and abyssal peridotite compositions (John-
sonetal., 1990; Langmuir et al., 1992). Therefore we have
applied models of isentropic melting in the pressure range
4-0.4 GPa in an attempt to reproduce the melt inclusion
compositions. We used two models of MORB production
based on empirical parameterization (Langmuir et al.,
1992; C.H. Langmuir, personal communication) and
thermodynamic principles (pHMELTS, Smith and Asi-
mow, 2005), respectively (see captions of Figs. 11 and 12
for model parameters).

In our calculations with the ridge model of Langmuir
etal. (1992), the adiabatically ascending mantle material
intersects its solidus at a temperature of 1400 °C, which
corresponds to a pressure of initial melting of ~2.7 GPa
for the composition of the average DMM from Workman
and Hart (2005) (Table 1). Partition coefficients for
major-elements change with pressure and temperature,
therefore the concentrations were calculated incremen-
tally at each 0.1 GPa pressure step in a process of batch or
fractional melting. Instantaneous melts, rather than ag-
gregated melts, were retained from these calculations,
because melt inclusions are likely to sample different
batches extracted at various pressures rather than pooled
melts at the top of the melting regime.

Although both the ridge model of Langmuir et al.
(1992) and the polybaric melting calculations with
pHMELTS can account for most major-element variations
in the melt inclusions by continuous isentropic melting,
they fail to reproduce some of the observed correlations,
in particular Na,O vs FeO* (Figs. 11 and 12). Our
observations thus suggest that polybaric melting cannot
provide a unique solution to the petrogenetic problems
raised by the melt inclusion compositions.

Most major-element evolutions of the melt inclusions
differ from the trends of the whole rocks from the
FAMOUS zone (Fig. 12), but are consistent with the
global trends defined for MORB by Klein and Langmuir
(1987) for normal ridges. The global trends have been
interpreted in terms of temperature variation in the man-
tle and could correspond to pooled melts produced in
different melting regimes for different pressures of
intersection of the mantle solidus (Klein and Langmuir,
1987). Accordingly, the melt inclusion correlations that
cannot simply be accounted for by a simple process of
polybaric melting (for example, Na,O vs FeO*, Fig. 12)
could reflect mixing of instantaneous melts produced
in melting regimes characterized by different potential
temperatures and/or water contents (Fig. 12). However,
this interpretation proposed for the large-scale MORB
variability seems unrealistic at the scale of a single
sample as it would imply a large range of temperature
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Fig. 12. Na,O vs FeO* in olivine-hosted melt inclusions (circles),
whole rocks from the FAMOUS zone (crosses) and pHMELTS model
liquids. Isentropic continuous melting of the average DMM compo-
sition (Table 1; Workman and Hart, 2005) is modeled at different
potential mantle temperatures (1280, 1360 and 1395 °C) and with
various H,O contents in the source ranging between 100 ppm (solid
curves) and 700 ppm (dashed curve). Mixing of batches extracted from
different melting regimes characterized by various potential tempera-
tures in the range 1280—1395 °C or 1280—1360 °C in the case of H,O
addition in the source could account for the variability in FeO* in the
melt inclusions.
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Table 1
Fitted source composition for the melting models compared to the
DMM composition from Workman and Hart (2005)

Workman and Hart (2005)

Fitted composition

Si0, (Wt.%) 4471 44.71
ALO; 3.98 3.98
Fe,0; 0.191 0.191
FeO 8.008 8.008
MnO 0.13 0.13
MgO 38.73 38.73
Ca0 3.17 3.17
Na,0 0.13 0.28
Cr,05 0.57 0.57
TiO, 0.13 0.13
Rb (ppm) 0.05 0.15
Ba 0.563 22
Nb 0.1485 0.35
La 0.192 0.27
Ce 0.55 0.6
Nd 0.581 0.57
Sr 7.664 6.3
Sm 0.239 0.2
Zr 5.082 3

Ti 7163 450
Eu 0.096 0.075
Gd 0.358 0.3
Dy 0.505 0.35
Y 3.328 1.8
Er 0.348 0.25
Yb 0.365 0.25
H,0 100

over short distances: 1280—1395 °C (Fig. 12) fora DMM
source composition (Workman and Hart, 2005) and
1345—-1620 °C for a MM3 fertile source composition
(Baker et al., 1995). It should be noted, however, that the
required range of the mantle temperature is reduced to
1280—1360 °C for DMM melting if the H,O content in
the source varies between ~ 100 and 700 ppm (Fig. 12),
as proposed on a larger scale for the FAZAR MORB
samples near the Azores (Asimow et al., 2004).

In an attempt to reproduce the trace-element compo-
sitions of the melt inclusions by a model of polybaric
melting, we also performed the different pHMELTS cal-
culations described above for trace elements. The trace-
element composition of the source has been adjusted
from the composition of the average DMM (Workman
and Hart, 2005) in order to reproduce most of the features
in the melt inclusion data. The best fit was obtained for a
source which is enriched in the very incompatible-
elements such as Rb, Ba, Nb and La (Table 1) in com-
parison with the DMM composition (Workman and Hart,
2005). On the contrary, contents of M- and HREE and Ti
and Zr must be depleted in the source to reproduce the
melt inclusion data. The changes in mineral proportions

in the source during melting are taken into account in the
calculations with pHMELTS (Asimow et al., 2004;
Smith and Asimow, 2005). Mineral/melt partition co-
efficients used in the calculations are reported in
Appendix C. As the presence of garnet in the residue is
not consistent with the unfractionated melt inclusion
patterns, the required depletion for the less incompatible-
elements may reflect either: (1) low values of the bulk
partition coefficients used in the pHMELTS calculations
(McKenzie and O’Nions, 1991, 1995; Wood and
Blundy, 1997), (2) a natural depletion of these elements
beneath the FAMOUS zone, or (3) a very low proportion
of melts produced from garnet-bearing peridotite. Note,
however, that major-element compositions of the
peridotite source considered in the calculations preclude
much melting in the garnet stability field at realistic
mantle temperatures (~1250—1400 °C). Hence our
results suggest that, contrary to major-elements, most of
the variation in the trace-element compositions (Fig. 13)
and trace-element ratios (Fig. 14) in the melt inclusions
can be accounted for by isentropic continuous melting.

5.3.3. Crossing of the trace-element patterns

Although progressive melting can be considered as a
plausible explanation for most of the trace-element
characteristics of the melt inclusions, it does not provide
a clear solution to a major problem of the melt inclusion
data: crossing of the trace-element patterns. During pro-
gressive melting in the garnet stability field, crossing of
REE patterns occurs between M- and HREE (around
Eu-Dy, depending on the values used for the partition
coefficients), because HREE have high garnet-melt
partition coefficients. However, in the inclusion patterns,
the crossing is irregular and not only restricted to HREE
(Fig. 5). Instead, it could reflect several combined effects
of entrapment of melts derived from different depths,
mixing of different melt batches and different degrees of
pre-entrapment olivine crystallization. Such a combina-
tion of processes is close to the “dynamic melting model”
defined by Langmuir et al. (1977) to explain the com-
positional variability in the FAMOUS whole rocks and
the associated crossing REE patterns. In this process,
melts are derived from different parts and at different
degrees of melting of the source region. Crossing of REE
patterns can thus be a consequence of mixing of melt
batches with different degrees of incompatible trace-
element enrichment.

5.3.4. Major- and trace-element decoupling

Among crucial features of the melt inclusion data, the
lack of correlation between major and trace elements
(although good correlations are observed within each
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Fig. 13. Primitive mantle-normalized diagram (Sun and McDonough, 1989) showing trace-element data for olivine-hosted melt inclusions in sample
ARP73-10-03 and for pHMELTS model melts. Two compositions of instantaneous melts produced by isentropic continuous melting which have been
extracted at different pressures and degrees of melting are shown to frame the compositional field of the melt inclusions. For this calculation, potential
temperature is 1335 °C. The composition of the source is reported in Table 1. Oxygen fugacity is equal to QFM and 2% of melt is retained in the residue.

group of elements) raises probably the most important
problem. This apparent decoupling, which has also been
observed for the FAMOUS whole rocks (Langmuir
et al., 1977; Bryan, 1979), may be due to the fact that
major and trace elements in melts are not governed by
the same physical or chemical parameters. Accordingly,
the superimposition of the different processes involved
in MORB petrogenesis (source heterogeneity, polybaric
continuous melting, mixing of melt increments, melt
transport, olivine crystallization, etc.) could be recorded
differently by the two groups of elements.

As major-elements are the main components of mantle
minerals, their behavior is essentially controlled by phase
equilibria during melting and thus by the physical P-T
conditions in the mantle source region. For instance, con-
trary to trace elements, it is known that major-elements
such as SiO, and FeO are strongly dependent on the
pressure at the time of melting. On the other hand, in-
compatible trace elements record information about the
source composition which may have been modified by
previous melting episodes. In addition, early olivine frac-
tionation and mixing effects are superimposed on those of
the melting process and seem to play a significant role in
the apparent decoupling of major and trace elements in the
melt inclusions. Indeed, an early episode of olivine
crystallization before melt entrapment would significantly
change major-element abundances in the melt, whereas
trace-element contents would all be slightly enriched by
the same factor.

5.3.5. Summary on the role of partial melting

To summarize previous sections, progressive isobaric
continuous melting of a relatively fertile lherzolite (to
account, for example, for the relatively high TiO, abun-
dances in the melt inclusions), with mixing to some extent
between different melt batches, is a plausible explanation
for the observed compositional variations in both major-
and trace-element compositions of the olivine-hosted,
primitive melt inclusions trapped in the ARP73—-10-03
sample. This hypothesis requires that the mantle source is
enriched in very incompatible trace elements compared to
the DMM source composition of Workman and Hart
(2005). On the other hand, the more realistic model of
polybaric continuous melting can also account for the
melt inclusion data, providing that the source is charac-
terized by a large range in its potential temperature (1280—
1395 °C for the DMM source composition of Workman
and Hart, 2005) and/or its water content at a small-scale.
However, two features of the melt inclusion compositions,
namely the crossing of trace-element patterns and the
decoupling between major- and trace-element composi-
tions, require a more complex model combining several
processes such as continuous partial melting, magma
mixing, olivine crystallization, etc. Therefore, melt in-
clusions are thought to sample liquids that are derived
from different depths and different degrees of continuous
partial melting from a source which is rather homoge-
neous in composition (except perhaps in its H,O content)
but probably heterogeneous in temperature. These
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Fig. 14. Ti/Zr vs (La/Sm)y and Ba/La vs K/La in melt inclusions
(shaded circles) and in pHMELTS model liquids (curve). La/Sm ratio
(a) is normalized to the composition of chondrite C1 (Sun and
McDonough, 1989). Liquids are produced in a model of isentropic
continuous melting of the source defined in Table 1. Parameters of the
isentropic melting model are the same as in Fig. 13.

increments of melt may then suffer various extents of
magma mixing and olivine crystallization before entrap-
ment in the olivine phenocrysts. It is therefore suggested
that major and trace elements may record distinctive
fingerprints of the processes (segregation, mixing of dif-
ferent melt increments, melt transport, olivine fraction-
ation, etc.) that generated the melt inclusions.

5.4. Variation of the highly incompatible-element
ratios: evidence for source heterogeneity?

Ratios of highly incompatible-elements (e.g., Ba/Nb,
La/Ce, K/Ba and K/Rb) are more variable in the melt
inclusions than in whole rocks. In addition, correlations
between ratios of highly incompatible-elements with the
same denominator (Fig. 14b) are observed: such corre-

lations could indicate at first sight that the trace-element
variations among the melt inclusions reflect a mixing
relationship between two mantle sources. However, the
different melting models show that in the case of con-
tinuous melting (and even more in the case of ‘pure’
fractional melting), caution is required when attempting to
interpret incompatible trace-element ratios in terms of
present-day mantle source ratios. Indeed a small dif-
ference in the bulk partition coefficients of two elements
could produce a large variation of their ratio during partial
melting, depending on the range of the degree of melting.
This is illustrated in Fig. 14b, where the observed Ba/La
versus K/La correlation for the melt inclusions is con-
sistent with an isentropic continuous melting process in
the range of ~2—-11% and ~1.3—0.55 GPa. Therefore,
although a small and local chemical heterogeneity of the
source cannot be fully rejected on the basis of our results,
it is suggested that partial melting is the main cause of the
observed compositional variations.

5.5. Physical implications

It has been proposed that liquid can be extracted at very
low melt fractions during melting and that melt inter-
connectivity is established for melt fractions of <1 vol.%
(Kohlstedt, 1992). A consequence is that melt migration
through the mantle could occur by porous flow
(McKenzie, 1984; Spiegelman and McKenzie, 1987). In
this case, and as discussed in Section 5.2, liquid should
approach equilibrium with minerals in the matrix (Navon
and Stolper, 1987). However it is known that melts are
often transported to the crust without re-equilibration with
the surrounding mantle, since major- and trace-element
compositions in MORB are not in equilibrium with
lherzolitic and harzburgitic residues at low pressures
(Stolper, 1980; Christie et al., 1986; Johnson et al., 1990).
Therefore rapid segregation and migration of magmas are
required beneath mid-ocean ridges, with melt transport by
focused flow in channels (Sleep, 1988; Stevenson, 1989;
Kelemen et al., 1995a,b, 1997; Spiegelman and Kelemen,
2003) or fractal tree distribution (Hart, 1993). Indeed
dunite residues found in ophiolites can be reproduced by
models of reactive melt transport through the mantle with
focused flow in channels (Kelemen et al., 1995a; Asimow
and Stolper, 1999; Spiegelman et al., 2001; Spiegelman
and Kelemen, 2003; Morgan and Liang, 2005). Such
reactions occur by preferential dissolution of pyroxene
which produces melt and olivine (Kelemen, 1990;
Kelemen et al., 1990, 1995b; Spiegelman et al., 2001).
As the permeability and porosity are increased by this
reaction, the melt flux is enhanced and high-permeability
dissolution channels are formed.
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The coexistence, at the site of the host phase crys-
tallization, of chemically distinct melts preserved in
phenocrysts from the ARP73-10-03 MORB sample
provides important constraints on the physics of melt
segregation and transport beneath the FAMOUS ridge. It
requires efficient segregation of melts from their source
region. No evidence of diffusive re-equilibration with the
surrounding mantle is found in the melt inclusion data,
which suggests an ascent to the site of olivine
crystallization without extensive interaction. The obser-
vation of a large chemical variability at small-scale in melt
inclusions from a single sample (Sobolev and Shimizu,
1993a; Shimizu, 1998; Slater et al., 2001) or in MORB
lavas (Reynolds et al., 1992; Perfit et al., 1994; Reynolds
and Langmuir, 2000) strongly suggests that melt transport
does not readily homogenize melt compositions under
mid-ocean ridges. Spiegelman and Kelemen (2003)
argued that a physical system that extracts melts from
different depths without allowing them to mix during
transport through the mantle is required to interpret melt
inclusions as instantaneous dynamic melts trapped in
olivine near the MOHO. They thus proposed that melt
transport through a channel network transpose the vertical
variability produced by polybaric melting for highly
incompatible-elements into horizontal variability across
individual channels. This mechanism, which may there-
fore produce highly variable melt compositions on small
length scales and limit interaction between solid and
liquid, cannot be rejected from our data. Finally, our ob-
servations indicate that melt inclusions trapped within
early-formed minerals offer a means of accessing high
pressure information which has been partially obliterated
in MORB lavas.

6. Conclusions

Silicate melt inclusions in primitive minerals provide
access to the early history of mantle magmas since
entrapment isolates them from the complex differenti-
ation and mixing processes that occur at shallower
levels (Sobolev, 1996; Schiano, 2003). Specifically,
primitive melt inclusions in MORB phenocrysts pro-
vide further constraints on melting processes, melt trans-
port and mantle source compositions beneath mid-ocean
ridges.

The large variations in the major- and trace-element
concentrations in melt inclusions trapped in olivine phe-
nocrysts (Fog7,_o13) from a MORB from the FAMOUS
area can be accounted for by partial melting of a relatively
homogeneous mantle source and subsequent mixing in
various proportions of the melt batches produced at dif-
ferent degrees of melting and/or in different parts of the

melting system. The evolution of the melt inclusion com-
positions cannot be reconciled with trends calculated for
mantle-melt chemical exchange during reactive transport,
suggesting that the trapped melts are able to preserve
pristine information about the melting conditions. These
observations imply that distinct magma batches must be
transported from their melting depths to the site of olivine
crystallization without significant exchange with the sur-
rounding mantle.

Acknowledgements

We would like to thank C.H. Langmuir for providing
us with his program of polybaric melting. Technical
assistance provided by M. Veschambre and J.-L. Devidal
with the electron microprobe was greatly appreciated.
Constructive reviews were provided by A.A. Gurenko
and an anonymous reviewer. This research was con-
ducted with partial support from the European Commu-
nity’s Human Potential Program under contract HPRN-
CT-2002-00211 (Euromelt).

Appendix A

Correction for post-entrapment overgrowth of the host
olivine at the inclusion walls during cooling was carried
out numerically by dissolving 0.1 wt.% increments of
olivine into the liquid. The evaluation of the equilibrium
value of Kl};eoﬂ/{il was done by applying a model that
incorporates the effects of melt composition (in particular
SiO, and alkalis) and temperature on Fe—Mg partitioning
(Toplis, 2005). Homogenization temperature of the melt
inclusions (1270—-1300 °C) was taken as an estimate of
the temperature of equilibrium in the system. The starting
composition of olivine was that in equilibrium with the
melt inclusion; after each dissolution increment, the oliv-
ine composition in equilibrium with the corrected melt
composition was computed and was used in the next
dissolution step. The procedure was stopped once the
corrected melt composition was in equilibrium with the
host olivine: on average, dissolution of ~ 13 wt.% olivine
was necessary to reach this equilibrium. The amount of
post-entrapment crystallization (Xc = %; where Xj is
the amount of olivine dissolution in the melt) is given for
each analysis in Table S1 in supplementary data. The
value Fe**/XFe was chosen equal to 0.07 (Christie et al.,
1986) in the analyzed melt and Fe*" was assumed to
behave as an incompatible-element during olivine
crystallization, so that the oxidation state evolved during
the calculations. Knowing the amount of post-entrapment
olivine crystallization, it was then possible to calculate the
trace-element compositions at the time of entrapment.
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Appendix B

Pearson Product—-Moment Correlation between major- and trace-element data in the melt inclusions. This correlation reflects the degree of linear relationship between two variables. It ranges from +1 to — 1. A correlation of +1 means that there is a perfect positive

linear relationship between variables

Si0, TiO, ALOs MnO FeO* MgO Ca0 Na,O K>0 cl s Li Be B F K Sc Ti v
Si0, 1
TiO, 053 1
ALO; 026 0.09 1
MnO ~0.38 ~0.33 ~0.08 1
FeO* ~0.85 ~0.64 -0.22 0.32 1
MgO -0.13 ~0.01 ~0.52 ~025 -0.16 1
Ca0 ~0.04 0.05 ~0.09 0.18 ~0.06 ~0.42 1
Na,O 0.52 0.63 0.04 ~0.13 ~0.59 0.14 ~0.39 1
K,0 039 030 037 0.13 -0.39 -0.34 0.08 0.24 1
al 0.22 0.23 0.25 0.02 -0.22 -0.12 -0.21 031 0.79 1
S 030 0.1 ~0.48 0.10 ~0.20 0.13 ~0.08 039 0.00 0.01 1
Li 0.09 0.04 ~0.11 0.06 ~0.06 0.12 ~021 025 ~0.38 —0.42 0.22 1
Be 0.56 0.42 ~0.03 ~025 ~0.61 0.29 ~0.15 034 035 0.28 0.10 -0.12 1
B 053 0.44 036 -0.03 ~0.54 -0.31 021 033 0.49 0.22 -0.14 -0.16 0.15 1
F 0.14 0.20 0.01 0.00 -0.17 0.06 -0.06 0.11 0.22 0.16 ~037 -0.20 0.48 035 1
K 0.40 0.28 034 0.08 ~035 ~0.36 0.10 021 0.96 0.73 ~0.03 ~0.42 033 0.49 021 1
Sc ~0.44 ~0.19 ~0.34 031 0.49 ~0.36 0.64 -0.48 ~0.12 ~0.32 0.11 0.03 ~0.38 ~0.33 ~0.30 ~0.10 1
Ti 0.46 0.84 ~0.07 ~027 ~0.60 0.01 025 051 031 0.20 0.17 ~0.08 053 032 0.14 0.28 0.07 1
% -0.25 -0.31 0.07 0.04 0.37 -0.20 0.07 -0.31 -0.29 -0.31 -0.31 030 -0.20 -0.18 0.09 -0.32 0.39 ~0.08 1
Cr -0.05 -0.20 ~0.14 0.05 -0.04 039 -0.21 -0.08 -0.10 0.18 -0.10 -0.25 032 -0.18 051 -0.17 ~0.42 -0.20 -0.09
Rb 037 0.19 0.28 0.02 ~0.31 ~0.34 0.20 0.1 0.86 0.56 0.00 ~045 038 025 0.16 0.90 0.04 0.32 ~0.26
Sr 026 051 027 0.12 ~0.31 -0.32 022 0.20 0.71 047 ~0.20 ~0.43 0.26 0.56 036 0.76 ~0.01 0.46 ~0.19
% 037 0.57 0.15 ~035 ~035 0.05 ~0.29 0.48 0.14 021 ~0.03 ~0.04 0.63 0.17 0.49 0.09 ~0.29 0.59 0.25
Zr 0.09 0.56 ~0.06 ~0.11 -0.19 -0.18 043 0.15 0.22 0.12 -0.03 -0.21 0.01 024 -0.07 030 0.28 0.60 -0.19
Nb 031 0.29 031 0.09 -0.29 -0.35 0.15 0.13 0.94 0.73 ~0.08 ~0.47 0.28 0.47 021 0.98 ~0.06 0.28 -0.29
Cs 0.20 030 037 0.13 ~0.44 0.02 0.13 0.13 037 0.28 ~0.34 ~041 036 0.40 0.26 036 ~0.36 037 ~0.30
Ba 036 0.26 0.28 0.08 ~033 ~0.33 0.13 0.16 0.95 0.72 0.00 —0.44 036 0.46 021 0.99 ~0.07 0.29 ~0.31
La 027 043 0.24 0.06 -0.28 -0.38 033 0.12 0.83 0.61 ~0.11 -0.48 023 048 0.16 0.88 0.08 0.45 -0.29
Ce 0.17 0.50 0.13 -0.01 -027 -0.27 0.40 0.13 0.56 0.42 ~0.05 ~0.47 0.07 0.40 ~0.01 0.62 0.13 0.50 ~0.36
Nd 0.10 051 ~0.16 ~0.22 -0.26 0.00 047 0.09 0.12 0.08 0.04 ~033 023 0.14 ~0.16 0.20 0.25 0.68 -0.30
Sm 0.40 0.52 045 ~021 ~0.37 ~0.32 0.05 027 036 033 ~0.16 ~0.28 0.49 0.42 0.12 032 ~0.20 0.61 ~0.03
Eu 0.13 0.29 ~0.32 ~0.03 ~027 027 022 0.12 ~0.05 ~0.17 0.13 ~0.08 0.44 022 0.08 ~0.03 0.12 0.58 0.20
Gd 0.48 038 0.56 -027 -0.39 -0.25 -0.22 0.28 0.49 045 -0.13 -0.10 0.54 0.28 0.04 045 -031 0.44 -0.06
Dy 0.46 037 0.25 -033 ~0.36 -0.12 ~0.11 027 0.20 0.25 ~0.07 ~0.07 0.56 036 0.18 0.1 ~0.28 051 0.18
Er 0.02 033 032 -0.23 ~0.11 ~0.14 ~0.05 0.28 0.20 0.24 ~0.37 ~0.18 038 0.18 039 0.20 ~0.15 047 0.27
Yb 038 057 023 ~0.12 ~0.38 ~0.10 ~0.20 0.59 0.07 022 0.02 024 034 033 0.11 0.03 ~0.27 0.59 0.19

(continued on next page)

0S1-6Z1 (L00Z) 0¥ 4B0joan) [po1uay)y / Iv 12 421GnDT

Syl



Appendix B (continued )

Cr Rb Sr Y Zr Nb Cs Ba La Ce Nd Sm Eu Gd Dy Er
SiO,
TiO,
ALO;
MnO
FeO*
MgO
CaO
Na,O
K,0
Cl
S
Li
Be
B
F
K
Sc
Ti
v
Cr 1
Rb —=0.11 1
Sr -0.29 0.61 1
Y 0.15 0.09 0.30 1
Zr —-0.52 0.27 0.66 0.13 1
Nb -0.16 0.87 0.81 0.10 0.38 1
Cs 0.27 0.40 0.40 0.10 0.23 0.37 1
Ba —-0.13 0.92 0.73 0.09 0.27 0.98 0.35 1
La -0.29 0.77 0.89 0.13 0.66 0.93 0.40 0.87 1
Ce —0.41 0.51 0.84 0.08 0.89 0.70 0.36 0.60 0.89 1
Nd —-0.40 0.26 0.46 0.12 0.86 0.24 0.34 0.20 0.51 0.74 1
Sm -0.18 0.27 0.46 0.59 0.42 0.32 0.49 0.31 0.45 0.45 0.54 1
Eu —-0.12 0.01 0.22 0.40 0.25 0.00 0.22 0.02 0.10 0.17 0.48 0.38 1
Gd —-0.17 0.42 0.27 0.46 0.09 0.37 0.40 0.43 0.32 0.16 0.24 0.80 0.13 1
Dy 0.00 0.05 0.12 0.63 0.03 0.08 0.27 0.12 0.11 0.02 0.23 0.82 0.45 0.77 1
Er 0.07 0.38 0.27 0.64 0.23 0.21 0.42 0.21 0.27 0.19 0.27 0.63 0.26 0.49 0.52 1
Yb -0.19 =0.11 0.24 0.65 0.28 0.00 0.24 =0.01 0.09 0.15 0.30 0.72 0.43 0.59 0.72 0.51

Cid!
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Appendix C

Mineral/melt partition coefficients used in the pHMELTS calculations

Olivine cpx opx Garnet spl Feldspar
Na 0.00001 var. 0.05 0.04 var.
K 0.00018 var. 0.001 0.001 0.0001 var.
Cr 0.3 3 1.5 5.5 300 0.05
Mn 0.5 0.44 0.7 2.05 0.25 0.05
Rb 0.00018 var. 0.0006 0.0007 0.0001 var.
Ba 0.0003 var. 0.0001 1.00E-05 0.0001 var.
Nb 0.005 0.02 0.005 0.07 0.01
La 0.0004 var. 0.002 var. 0.01 var.
Ce 0.0005 var. 0.003 var. 0.01 var.
Nd 0.001 var. 0.0068 var. 0.01 var.
Sr 0.00019 var. 0.007 6.00E-04 var.
Sm 0.0013 var. 0.01 var. 0.01 var.
Zr 0.01 0.1 0.03 0.32 0.01
Ti 0.02 0.18 0.1 0.28 0.15 0.04
Eu 0.0016 var. 0.013 var. 0.01 var.
Gd 0.0015 var. 0.016 var. 0.01 var.
Dy 0.0017 var. 0.022 var. 0.01 var.
Y 0.005 var. 0.005 var. var.
Er 0.0015 var. 0.03 var. 0.01 var.
Yb 0.0015 var. 0.049 var. 0.01 var.
H,0 0.0004 0.004 0.002 0.0004 0.0005

Constant default mineral/melt partition coefficients are taken from the compilations of McKenzie and O’Nions (1991, 1995). Variable mineral/melt partition coefficients (var; D=D(P, T, X)) are
defined from the method of Wood and Blundy (1997) and are taken from Wood and Blundy (1997), Blundy et al. (1995) and Wood et al. (1999) for clinopyroxene (cpx), van Westrenen et al. (1999) for

garnet, and Blundy and Wood (1994) for feldspar.
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Appendix D. Supplementary data

Supplementary data associated with this article
can be found, in the online version, at 10.1016/.
chemgeo.2007.02.002.
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