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Low-degree partial melting trends recorded in upper mantle minerals
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Abstract

The study of glass inclusions inside mantle minerals provides direct information about the chemistry of naturally
occurring mantle-derived melts and the fine-scale complexity of the melting process responsible for their genesis. Minerals
in a spinel lherzolite nodule from Grande Comore island contain glass inclusions which, after homogenization by heating,
exhibit a continuous suite of chemical compositions clearly distinct from that of the host basanitic lava. The compositions
range from silicic, with nepheline–olivine normative, 64 wt% SiO2 and 11 wt% alkali oxides, to almost basaltic, with
quartz normative, 50 wt% SiO2 and 1–2 wt% alkali oxides. Within a single mineral phase, olivine, the inferred primary
melt composition varies from 54 to 64 wt% SiO2 for MgO content ranging from 8 to 0.8 wt%. An experimental study of
the glass and fluid inclusions indicates that trapped melts represent liquids that are in equilibrium with their host phases at
moderate temperature and pressure (T ³ 1230ºC and P ³ 1:0 Gpa for melts trapped in olivine). Quantitative modelling
of the compositional trends defined in the suite shows that all of the glasses are part of a cogenetic set of melts formed
by fractional melting of spinel lherzolite, with F varying between 0.2 and 5%. The initial highly silicic, alkali-rich melts
preserved in Mg-rich olivine become richer in FeO, MgO, CaO and Cr2O3 and poorer in SiO2, K2O, Na2O, Al2O3 and
Cl with increasing melt fractions, evolving toward the basaltic melts found in clinopyroxene. These results confirm the
connection between glass inclusions inside mantle minerals and partial mantle melts, and indicate that primary melts with
SiO2 >60 wt%, alkali oxides >11%, FeO <1 wt% and MgO <1 wt% are generated during incipient melting of spinel
peridotite. The composition of the primary melts is inferred to be dependent on pressure, and to reflect both the speciation
of dissolved CO2 and the effect of alkali oxides on the silica activity coefficient in the melt. At pressures around 1 GPa,
low-degree melts are characterized by alkali and silica-rich compositions, with a limited effect of dissolved CO2 and a
decreased silica activity coefficient caused by the presence of alkali oxides, whereas at higher pressures alkali oxides form
complexes with carbonates and, consequently, alkali-rich silica-poor melts will be generated.  1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Geochemical studies of mantle-derived magmas
erupted at the Earth’s surface have shown that one
of the main factors controlling their chemistry is
the degree of partial melting. However, geologists
rarely have direct access to pristine mantle melts,
and laboratory experimental partial melting of peri-
dotite essentially documents the chemical composi-
tion of large melt fractions (F ½ 10%) (e.g. [1–10]).
Therefore, several aspects of melting models remain
hypothetical. In particular, the major element compo-
sition of the lowest melt fractions from upper mantle
peridotite is still a matter of debate [11–13]. Baker et
al. [14], using both the diamond-aggregate extraction
technique and thermodynamic calculations, have re-
ported the compositions of low-degree (F D 2 to
5%) melts of peridotite which extend to high SiO2,
Na2O and low FeO and MgO contents at pressures
around 1.0 GPa. These results confirm the high Na2O
and low FeO and MgO contents for near-solidus
mantle melts calculated by Langmuir et al. [15],
and the prediction of Kinzler and Grove [16] that
the abundance of SiO2 in melts from peridotites de-
creases as the extent of melting increases. However,
they contradict earlier experiments that predicted low
SiO2 concentrations in melts produced by less than
about 10% melting (e.g. [17]). An additional prob-
lem is to reconcile these results with natural data
on volcanic rocks in oceanic islands [18], that are
thought to be derived from a low extent of melt-
ing and typically have undersaturated compositions
(basanites or nephelinites) with low SiO2, and high
FeO and Na2O abundance (e.g. [19–21]).

In the present study, the approach was to iden-
tify and examine directly near-solidus mantle melts
preserved as quenched glass inclusions in minerals
in upper mantle xenoliths. We have not consid-
ered interstitial glass samples found in xenoliths be-
cause they appear to be open systems and are prone
to chemical modification during ascent of the host
xenolith (e.g. Refs. [22,23]), whereas melt=fluid in-
clusions inside minerals behave as closed and nearly
isochoric systems. Previous studies of glass inclu-
sions in peridotite xenoliths have shown that high-
silica glasses are a common feature of spinel lher-
zolite minerals [24,25], and a general link between
these silica-rich inclusions and the character of near-

solidus partial melts of peridotite has been suggested
[14,25–27]. The new contribution of this study is
the documentation of a series of glass inclusions
whose wide compositional range, from silicic to
almost basaltic compositions, can be quantitatively
modelled by near-solidus melting of a mildly de-
pleted peridotite. This continuous series of inclusion
compositions in a spinel peridotite sample and the
compositional trends recorded in this suite confirm
the connection between silica-rich melt inclusions
and the compositions of partial melts. Furthermore,
the results extend previous studies arguing in favour
of silica-rich melts at low degree of melting, in estab-
lishing that near-solidus primary melts of peridotite
could have SiO2 contents of >60 wt% for MgO
contents <1 wt%.

2. Xenolith and glass inclusion description

The xenolith we studied (CLG1) was found in
silica-undersaturated, basanitic lavas from La Grille
volcano, on Grande Comore island in the western In-
dian Ocean. According to its modal composition, it
can be classified as anhydrous spinel lherzolite (Ta-
ble 1). The main phase is olivine (ol), which occurs
as porphyroclasts (Fo90–92) with undulatory extinc-
tion, and as strain-free euhedral neoblasts (Fo86–87)
forming equigranular domains. Orthopyroxene (opx)
porphyroclasts (En87–89) show exsolution lamellae of
clinopyroxene (cpx), mostly restricted to the core of
the crystals. Spinel (sp) (27–43 wt% Cr2O3) occurs
both as vermicular grains and as rounded inter-
stitial porphyroclasts. Recrystallized clinopyroxene
(Wo37–47, En46–57) is present as interstitial neoblasts.

The CLG1 xenolith contains abundant glass in-
clusions (size <100 µm) in the porphyroclasts and
the neoblasts. They occur as trails of rounded sec-
ondary inclusions along fractures in olivine and or-
thopyroxene porphyroclasts. In contrast, inclusions
in clinopyroxene neoblasts are primary, their distri-
bution is random and their shape is controlled by the
crystallographic structure and the growth of the host
mineral. Secondary CO2 fluid inclusions containing
coexisting vapour and liquid phases are observed
in porphyroclasts. Their association with glass in-
clusions, and the existence of multiphase inclusions
consisting of silicate glass and CO2-rich fluid, sug-
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Table 1
Representative analyses (wt%) of mineral phases in CLG1 xenolith

ol (N) ol (N) ol (P) ol (P) opx opx cpx cpx sp (V) sp (I) sp (In)

SiO2 39.82 40.22 40.10 40.60 55.47 55.08 52.41 53.24 0.09 0.10 0.05
Al2O3 0.00 0.00 0.02 0.03 3.16 3.51 3.76 2.67 26.29 24.46 37.35
TiO2 0.02 0.03 0.02 0.00 0.04 0.04 0.40 0.32 0.22 1.21 0.10
MnO 0.22 0.23 0.12 0.12 0.18 0.16 0.12 0.12 0.19 0.21 0.18
FeO 13.23 12.29 9.62 9.72 5.94 6.24 4.57 3.55 13.99 22.98 14.63
MgO 46.80 47.04 50.02 49.40 33.24 33.30 16.94 18.42 16.09 14.15 17.54
CaO 0.28 0.37 0.09 0.09 1.29 1.15 20.22 19.35 0.03 0.04 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Na2O 0.00 0.00 0.00 0.00 0.08 0.07 0.72 0.66 0.00 0.01 0.00
NiO 0.23 0.29 0.42 0.33 0.07 0.09 0.07 0.05 0.18 0.22 0.32
Cr2O3 0.03 0.06 0.00 0.00 0.82 0.72 1.25 1.69 43.05 36.83 30.20

100.63 100.53 100.41 100.29 100.29 100.36 100.46 100.07 100.14 100.21 100.37

Mg# 0.86 0.87 0.90 0.90 0.91 0.91 0.87 0.90

Compositions were measured with a CAMECA SX 50 electron microprobe (Camparis, Paris), using an accelerating voltage of 15 kV,
sample current of 40 nA and a focussed beam.
ol (N), olivine neoblast; ol (P), olivine porphyroclast; opx, orthopyroxene; cpx, clinopyroxene; sp (V), vermicular spinel; sp (I), interstitial
spinel; sp (In), spinel included in olivine; Mg#, molar Mg=(Mg C Fe), all Fe as FeO.

gest that both glass and fluid inclusions have been
trapped from an immiscible mixture of silicate melt
and CO2 fluid. Some melt inclusions contain both
glass and ‘daughter’ minerals, mainly orthopyrox-
ene (En86–89) and clinopyroxene (Table 2), grown by
closed-system crystallization of the trapped melt.
These ‘daughter’ clinopyroxenes display a large
compositional range, from Wo35–39En54–57 in inclu-
sions inside porphyroclasts to Wo43–48En44–48 in in-
clusions inside vermicular spinel.

The minimum P–T conditions of the silicate melt
trapped inside the inclusions were estimated from
an experimental study of the inclusions. An estimate
of the liquidus temperature of the melt is given by
Tm, the final melting temperature of the enclosed
‘daughter’ minerals [28,29]. As mantle minerals are
relatively incompressible, inclusions behave as iso-
choric systems during experiments [28,30], and Tm

is equal to the liquidus temperature of the melt at the
pressure of trapping. Heating experiments performed
with a high-temperature optical apparatus [31] on
inclusions in olivine porphyroclasts give a final melt-
ing temperature for the enclosed ‘daughter’ minerals
(opx and cpx) of 1230 š 20ºC. Complete homog-
enization of the inclusions could not be reached
during the heating experiments, because of the per-
sistence of CO2 bubbles in the melt. Petrographical
evidence for the simultaneous trapping of glass and

Table 2
Representative analyses (wt%) of ‘daughter’ mineral phases in-
side composite inclusions trapped in mineral phases from CLG1
xenolith

opx (ol) opx (ol) cpx (ol) cpx (sp)

SiO2 56.55 56.46 53.83 46.68
Al2O3 1.08 1.80 1.70 9.47
TiO2 0.05 0.13 0.29 2.24
MnO 0.13 0.24 0.24 0.15
FeO 7.25 6.17 6.58 4.12
MgO 34.09 32.99 19.49 14.25
CaO 0.78 1.87 17.78 21.21
K2O 0.01 0.01 0.00 0.00
Na2O 0.09 0.11 0.21 0.57
NiO 0.12 0.13 0.08 0.05
Cr2O3 0.20 0.56 0.24 0.89

100.35 100.47 100.44 99.63

Mg# 0.89 0.91 0.84 0.86

Compositions were measured with a CAMECA SX 50 electron
microprobe (Camparis, Paris), using an accelerating voltage of
15 kV, sample current of 40 nA and a focussed beam.
opx (ol), orthopyroxene inside composite inclusions in olivine
porphyroclasts; cpx (ol), clinopyroxene inside composite inclu-
sions in olivine porphyroclast; cpx (sp), clinopyroxene inside
composite inclusions in vermicular spinel; Mg#, molar Mg=(Mg
C Fe), all Fe as FeO.

CO2 inclusions can be used to derive a melt en-
trapment pressure, using the liquidus temperature
(1230ºC) obtained from melt inclusions along with
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P–V–T data on associated CO2 fluid inclusions. The
observed maximum density for the CO2 inclusions,
obtained using the homogenization method based on
the CO2 vapour–liquid equilibrium [28], is 0.97 g
cm�3. This value corresponds to a temperature of
�8ºC at which liquid and gaseous CO2 homogenize,
obtained during microthermometry experiments. It
implies a minimum trapping pressure for the asso-
ciated glass inclusions of 0.9 GPa at 1230ºC. This
pressure value is a minimum estimate, because it is
unlikely that the fluid inclusions have been closed
systems since their formation. Decrepitation of some
CO2-fluid inclusions are telltale signs of partial es-
cape of the original gas.

The composition of the melts trapped in the in-
clusions was determined on homogeneous, quenched
glasses obtained after heating the inclusions up to the
liquidus temperature to melt any ‘daughter’ miner-
als. Comparison of these rehomogenized inclusions
with unheated glassy inclusions exempt of ‘daugh-
ter’ minerals, can be used to estimate the effect of
post-entrapment processes such as crystallization at
the inclusion walls, since these processes ought to be
reversible in homogenization experiments. In olivine
porphyroclasts, the similarity of compositions for
rehomogenized inclusions and unheated glassy in-
clusions indicates that no significant post-entrapment
change has taken place. This absence of reaction
between secondary glass inclusions and their host
olivine crystals is in agreement with the absence of
chemical zonation at the olivine=inclusion interface
as shown by electron microprobe traverses. In con-
trast, the majority of primary inclusions in clinopy-
roxene have experienced post-entrapment evolution,
indicated by high levels of crystallization at the in-
clusion walls.

The major element compositions of the inclu-
sions, after homogenization by heating, show a
continuous evolution from high-SiO2 melts inside
olivine porphyroclasts to low-SiO2 melts inside
clinopyroxene neoblasts (Table 3). The former con-
tain high contents of SiO2 (½60 wt%), Al2O3 (½20
wt%), alkali oxides (Na2O ½6 wt% and K2O ½4
wt%) and low contents of MgO (�2 wt%), FeO
(�2 wt%) and CaO (�5 wt%). It should be noted
that, despite a high silica content, glass inclusions
in olivine are characterized by normative olivine
and nepheline. They also have high chlorine levels

(½3500 ppm), but their H2O concentrations are low
(�0.02 wt%, based on FTIR spectroscopy analyses
of three inclusions). The persistence of CO2 bubbles
in the melt during the heating experiments indicates
oversaturation of glass inclusions with CO2. These
features are typical of glass inclusions inside mantle
minerals, and have been interpreted as indicative of
a metasomatic melt phase [24]. On the other hand,
low-SiO2 glass inclusions in recrystallized clinopy-
roxene have compositions ranging from alkali basalts
to quartz tholeiites. They contain 51–55 wt% SiO2,
14–17 wt% Al2O3, 10–15 wt% CaO, �0.5 wt%
TiO2, 10–13 wt% MgO, 3–6 wt% FeO, �4 wt%
Na2O wt%, �1 wt% K2O and �500 ppm Cl.

3. Equilibrium between silicic melts and
ultramafic assemblages

Whether high-SiO2 melt inclusions are in equi-
librium with Mg-rich mantle phase is an impor-
tant point of debate. Disequilibrium melt composi-
tions, which can result from decompression melting
of a xenolith during its transport to the surface,
would lead to crystal–melt reaction. By contrast, the
glass phase inside inclusions in olivine porphyro-
clasts is homogeneous, and there are no indications
that the trapped melt reacted with the host phase.
This strongly suggests the attainment of equilib-
rium between trapped high-SiO2 melts and their
host olivine crystals. High-pressure liquidus experi-
ments on highly silicic melts performed by Draper
and Green [26] indicate that, under anhydrous con-
ditions and when saturated with COH fluid, melts
with compositions comparable to the glass inclu-
sions are saturated with harzburgitic minerals (ol
and opx) as liquidus phases. The observed high
Mg numbers (Mg#, defined as molar Mg=(Mg C
Fe2C), with all Fe as FeO), between 0.89 and 0.91,
of the ‘daughter’ orthopyroxene crystallized from
the silicic melts trapped in olivine porphyroclasts
(Table 2) support the experimental results. An ad-
ditional constraint on the composition of melts in
equilibrium with lherzolite or harzburgite residual
mineralogy has been recently given by Falloon et al.
[13]. These authors have shown that silicic melts in
equilibrium with olivine of Mg# D 0.90 would have
olivine–nepheline normative compositions, which is
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Table 3
Selected representative analyses (wt%) of glass inclusions (gl), after homogenization by heating and quenching, and host minerals from CLG1 xenolith

gl ol gl ol gl ol gl opx gl opx gl opx gl cpx gl cpx gl cpx

SiO2 wt% 63.25 40.61 60.71 40.76 54.60 40.20 56.25 55.90 54.39 56.49 55.42 55.93 53.65 53.05 51.70 53.21 52.24 52.29
TiO2 0.34 0.04 0.21 0.00 0.55 0.07 0.60 0.10 0.96 0.05 0.67 0.00 0.23 0.09 0.35 0.12 0.29 0.08
Al2O3 20.06 0.04 17.59 0.03 17.19 0.01 15.91 2.66 15.15 2.12 15.48 2.73 15.72 4.25 15.37 3.51 14.47 3.64
FeO 1.08 10.07 3.32 9.40 4.55 9.19 4.70 5.93 5.26 6.10 5.30 5.57 5.56 2.71 4.50 3.41 4.90 2.84
MgO 0.83 49.46 4.50 49.89 8.05 50.17 9.17 33.00 10.45 32.83 9.58 33.10 9.64 16.96 10.80 18.65 11.01 17.53
CaO 3.00 0.14 2.52 0.09 6.79 0.13 5.75 1.91 6.56 2.04 7.94 1.78 11.11 19.85 14.88 18.26 11.96 20.44
Na2O 7.35 0.00 5.71 0.00 5.36 0.00 4.71 0.12 4.89 0.10 4.06 0.12 1.85 0.95 0.94 0.83 1.96 0.70
K2O 4.19 0.00 3.52 0.00 1.84 0.00 2.06 0.00 1.60 0.00 1.43 0.01 1.10 0.03 0.32 0.00 0.85 0.00
Cr2O3 0.03 0.00 0.01 0.00 0.04 0.00 0.15 0.81 0.13 0.94 0.08 0.98 0.37 1.25 0.58 1.11 0.91 1.24
Cl ppm 6620 0 4280 0 3000 0 1680 0 1570 0 1090 0 330 0 220 0 310 0
K ol=liq

D 0.16 0.26 0.32
Mg# 0.58 0.90 0.71 0.90 0.74 0.90 0.78 0.91 0.78 0.91 0.76 0.91 0.79 0.92 0.81 0.91 0.80 0.92

Normative composition
qz 1.2 1.5
or 24.8 20.8 10.9 12.2 9.5 8.5 6.5 1.9 5.0
ab 57.2 48.3 36.4 39.9 37.2 34.4 16.7 8.0 16.6
an 9.4 12.0 17.4 16.2 14.7 19.8 31.3 36.8 28.2
ne 2.7 4.9 2.3
di 4.5 0.4 13.1 9.9 14.3 15.7 19.2 29.6 24.9
hy 14.6 5.0 8.3 24.6 20.5 18.3
ol 0.9 1.5 15.3 14.9 19.6 12.0 4.2
il 0.7 0.4 1.0 1.1 1.8 1.3 0.4 0.7 0.6

Glass compositions were measured with a CAMECA SX 50 electron microprobe (Camparis. Paris) using an accelerating voltage of 15 kV, sample current of 10 nA and a
beam of 20 µm. K ol=liq

D is defined as .Xol
Fe X liq

Mg/=.X
ol
Mg X liq

Fe /.
Normative composition: qz, quartz; or, orthoclase; ab, albite; an, anorthite; ne, nepheline; di, diopside; hy, hypersthene; ol, olivine; il, ilmenite.
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in agreement with the composition of the inclusions
inside olivine porphyroclasts reported in this study.
Both lines of evidence clearly indicate that the sili-
cic melts preserved as inclusions represent liquids in
equilibrium with their host mantle olivine at upper
mantle temperatures and pressures.

On the other hand, melts showing basaltic compo-
sitions occur as primary inclusions in recrystallized
clinopyroxene, i.e. they are cogenetic with their host
phases. These observations and the large range of
chemical compositions in the glass inclusions sug-
gest that the melts trapped in the xenolith are lo-
cally in equilibrium with their enclosing crystalline
phases. As all the crystalline phases in the xenolith
are not cogenetic, the range in melt compositions can
be preserved. The various melts may interact but for
kinetic reasons, in particular the large difference in
viscosity between the partial melting products, they
did not mingle significantly within the xenolith [32].

The Fe–Mg exchange coefficient (K ol=liq
D D

.Xol
Fe X liq

Mg/=.X
ol
Mg X liq

Fe /) values obtained for the inclu-
sions range between 0.33 and 0.16, which is much
less than the 1 atm value of 0:30 š 0:03 determined
by Roeder and Emslie [33]. They also extend to
even lower K ol=liq

D (with higher SiO2) than previ-
ously reported in experimental near-solidus melting
of mantle peridotite [14], and in high-pressure exper-
iments on natural compositions [26,34]. Low K ol=liq

D
values are generally considered to be related to the
high alkali content of the melt [12,14,26], but could
reflect experimental problems like quench crystal-
lization [35].

It should be noted that evidence from fluid inclu-
sions and heating experiment results suggest equi-
libration of the high-silica melts at 0.9 GPa and
1230ºC. This temperature is close to the peridotite
solidus at this pressure [15], and this supports the hy-
pothesis that the silicic melts represent near-solidus
partial melts at moderate pressure. A melting pres-
sure of 0.9 GPa indicates lithospheric conditions, as
the oceanic lithosphere in the Comores is >100 Ma
old and probably thicker than 80 km [36]. However,
at this pressure, the near-solidus temperature reached
by the xenolith is higher than the temperature for
normal old oceanic lithosphere. A possible explana-
tion is that the lithosphere may have been locally
heated, probably by hotspot volcanism.

4. Compositional variations in low-degree melts

Although there is some scatter, the compositional
variations in the rehomogenized inclusions inside
olivine and pyroxene define a coherent trend on vari-
ation diagrams (Fig. 1). The observed correlations
cannot be explained by a two-component mixing re-
lationship, especially if one component is the host
basanitic magma, because many of the trends in
Fig. 1 are not linear and do not overlap with the
basanite field (e.g., in the MgO, Na2O versus SiO2

diagrams). In this section, we discuss several models
including crystal fractionation, mantle=melt reaction
and progressive melting, that could potentially ex-
plain the observed trends. Although there is evidence
for the importance of clinopyroxene crystallization,
the partial melting model alone provides a straight-
forward explanation of the observed correlations.

Olivine, orthopyroxene and clinopyroxene are the
only neoblastic phases present in the CLG1 nodule.
The well-defined negative CaO–Na2O correlation is
not consistent with olivine–orthopyroxene fractiona-
tion. Conversely, substantial clinopyroxene fraction-
ation would be expected to produce a negative cor-
relation between CaO and Na2O similar to that ob-
served, and the primary character of the basaltic
glass inclusions in clinopyroxene neoblasts clearly
indicate that the trapped melts are saturated with
clinopyroxene. Experimental evidence on tholeiitic
compositions (e.g. [37]) indicates that clinopyrox-
ene fractionation is only possible at a pressure that
cannot be much lower than the pressure of melting,
because in phase diagrams the clinopyroxene phase
volume expands as the pressure increases. However,
there are some aspects of the data which cannot
be reconciled with clinopyroxene fractionation. No-
tably, such crystallization would progressively lower
the MgO and increase the FeO contents of the melts,
which is the inverse of what is observed. Finally, as
illustrated in Fig. 2, progressive cpx C ol (or opx)
extraction from an initial melt composition similar
to the basaltic glass inclusions cannot produce the
composition of the most silicic glass inclusions, even
if clinopyroxene crystallization may cause some of
the observed scatter within the trends.

Open-system processes, involving melt–peridotite
exchange, can be considered as plausible mecha-
nisms for the origin of SiO2-rich glass inclusions
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Fig. 1. Representative major element variation diagrams for glass inclusions trapped in olivine (circles), orthopyroxene (squares) and clinopyroxene (triangles) from CLG1
xenolith, after homogenization by heating experiments. Major element composition for La Grille host basanites [63,64] (crosses) are added for comparison. Mg# is defined as
molar Mg=(Mg C Fe2C), all Fe as FeO.
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Fig. 2. Plot of MgO wt% against CaO wt% for glass inclusions
trapped in olivine, orthopyroxene and clinopyroxene, after ho-
mogenization by heating experiments. Arrows show the effect
of fractional crystallization of clinopyroxene (cpx) and olivine
(ol) from an initial melt composition similar to the basaltic
glass inclusions. Olivine Fo90 and clinopyroxene Wo38En56 were
used for the calculations. Obviously, clinopyroxene–olivine (or
orthopyroxene) fractionation cannot account for the chemical
variations of the melts trapped as inclusions (see text for further
discussion).

(e.g. [27,38]). Kelemen and co-authors [39,40] have
shown that percolating basaltic melts, in order to
remain on the ol C opx C cpx cotectics, may react
during their ascent with mantle peridotite by dissolv-
ing pyroxenes (cpx C opx) and crystallizing olivine.
Since more orthopyroxene is dissolved than clinopy-
roxene, the resulting melts will be characterized by
SiO2-enriched compositions [39,40]. However, such
an open-system process, which has to occur over
a large range of pressure, would probably not pre-
serve the large compositional range observed on a
cm-scale. Furthermore, a melt–peridotite interaction
process would imply that the most evolved melts
are silica-rich while the earlier melts are more akin
to basalts. This is in contradiction with petrolog-
ical observations which suggest that the basaltic
melts which are found in late-formed clinopyrox-
ene neoblasts were the last melts to be generated,
whilst the silicic melts are found in primary Mg-rich
olivines.

The chemical trends recorded by the inclusions
can be the result of progressive melting, produc-
ing initially highly silicic, alkali-rich melts trapped
in magnesian olivine. With progressively increas-
ing melt fractions, the melts become richer in FeO,

MgO, CaO and Cr2O3 and poorer in SiO2, K2O,
Na2O, Al2O3 and Cl, evolving toward the basaltic
compositions found in recrystallized clinopyroxene.
The Mg# in the glasses varies from 0.57 to 0.82 over
this inferred melting interval. A comparison of these
results with the diamond-aggregate melting experi-
ments on peridotite performed by Baker et al. [14]
shows some analogies. Both the experiments and the
inclusion data show that at 1 GPa, near-solidus melts
are enriched in SiO2, Al2O3, and Na2O, and depleted
in FeO, MgO and CaO relative to higher-degree
melts. In particular, they display a positive corre-
lation between MgO and FeO together with an in-
crease in Mg#, a result also predicted by Kinzler and
Grove [16] for low degrees of melting. Moreover,
TiO2 displays a complex behaviour in both exper-
imental melts and glass inclusions, first increasing
then decreasing with degree of melting (Fig. 1). This
anomalously low abundance of TiO2 for the lowest
degrees of melting reflects higher Dcpx=liq

Ti , related to
changes in the pyroxene composition during early
stages of melting [14].

However, there are some marked differences be-
tween the glass inclusion data and the diamond-
aggregate experiments performed by Baker et al.
[14]. Notably, the melts obtained experimentally
have very low K2O concentrations (less than 0.45
wt%, based on new analyses of the experimental
glasses reported by Hirschmann et al. [27]). This is
a key difference as K2O has a major effect on melt
compositions (see discussion in Section 5). They
also display smaller compositional range and lower
SiO2 contents than the glass inclusions. These ob-
servations indicate that glass inclusions record an
even smaller extent of melting than the diamond-
aggregate experiments and also suggest a difference
between the compositions of the starting materials.

Modelling the chemical trends recorded in the
inclusions requires some knowledge about the min-
eralogical composition of the source. The primary
mineral assemblage coexisting with the high-SiO2

melts comprises olivine, orthopyroxene, spinel and
as argued below clinopyroxene. Crystallization of
clinopyroxene from the melt is indicated by its oc-
currence as interstitial neoblasts, but textural evi-
dence such as the occurrence of ‘ghost’ clinopy-
roxene shows that primary clinopyroxene already
existed in the nodule at depth. Residual clinopyrox-
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ene is also indicated by increasing CaO contents with
increasing MgO in glass inclusions, since it is the
only CaO-bearing mineral in the peridotite assem-
blage. Given this information on the primary mineral
phases of the peridotite source, one can calculate
melt compositions produced for two different end-
member melting processes: fractional melting where
the produced melt is instantaneously extracted and
batch melting where the melt remains in contact with
the residual solid.

Na2O versus K2O and FeO versus MgO con-
centrations calculated for melt compositions during
the two melting processes are shown in Fig. 3 (see
caption of Fig. 3 for model parameters). K2O is mod-
elled as a highly incompatible trace element, with a
constant bulk partition coefficient during the melting
process [41,42]. In contrast, the Na2O content of the
melts is calculated using a non-modal melting model
where Na2O behaves as a moderately incompatible

trace element mostly partitioned into clinopyroxene
[43], with a decreasing bulk partition coefficient as
clinopyroxene progressively melts out [15]. For de-
riving FeO and MgO concentrations of the melts,
we used the approach of Langmuir and Hanson [44]
and Langmuir et al. [15], where partition coefficients
for FeO and MgO between olivine and liquid are
parametrized as a function of temperature, pressure
and liquid composition. We then used a Monte Carlo
method for constraining the range of possible values
for each model parameter (bulk partition coefficient,
initial concentration in the source and proportion of
clinopyroxene in the source) and their effects on the
melt compositions. The best fits are obtained for a
peridotitic source with a slightly depleted (0.20–0.23
wt%) Na2O composition.

Changing the Na2O concentration in the source
to 0.30 wt% (typical values for fertile peridotite
[45,46]) results in Na2O contents that are too high

Fig. 3. (A) Plot of K2O wt% against Na2O wt% for reho-
mogenized glass inclusions, with various model curves showing
calculated melt compositions produced by fractional and batch
melting of peridotite. The curves are labelled with the extent of
melting F (% melt). Note that for the fractional melting curve,
instantaneous fractional melts are reported rather than the inte-
grated average. The sodium contents of the melts is calculated
using a non-modal melting model similar to Langmuir et al. [15],
with DNa2O decreasing as clinopyroxene progressively melts out
of the residue (cpx out for Fmax D 22%). The following param-
eters have been used. Fractional melting: melting trends have
been calculated for a peridotite source with Na2O D 0.23 and
0.30 wt%, K2O D 0.045 wt%, a bulk partition coefficient for
K2O of 0.009, and a proportion of clinopyroxene in the source D
10% vol. Batch melting: melting trends have been calculated for
a peridotite source with Na2O D 0.20 wt%, K2O D 0.045 wt%,
a bulk partition coefficient for K2O D 0.009, and a proportion
of clinopyroxene in the source D 15% vol. (B) Plot of FeO
against MgO in cation mole percent for rehomogenized glass
inclusions, with melting curves produced by fractional and batch
melting of peridotite, calculated using the method of Langmuir
and Hanson [44]. The curves are labelled with the extent of
melting F (% melt). The temperature and pressure dependence of
the partition coefficient for MgO are taken from Langmuir et al.
[15]. Melting trends have been calculated for a peridotite source
with 6 mol% FeO and 56 mol% MgO. The other parameters are
identical to those used in (A). The Si and Al contents of the
melt composition used in the K MgO=ol

D parametrization are from
corresponding glass inclusion data. The trends were calculated
for a K ol=liq

D D 0:30š 0:03. Using lower K ol=liq
D values does not

change the compositional range.
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compared with the observed glass inclusion compo-
sitions. Conversely, the source concentration in K2O
obtained from the modelling is 0.045 wt%, while the
K2O content of mantle peridotite is considered to be
about 0.03 wt% (e.g. [41,45]). A lower bulk partition
coefficient for K2O would decrease the K2O concen-
tration in the source, but it would also increase the
curvature of the melting curves in the Na2O versus
K2O diagram. Alternatively, the high K2O concen-
tration of the source may indicate an earlier metaso-
matic event, before the partial melting that produced
the melts preserved inside inclusions. In order to
explain the formation of extreme-composition inter-
stitial glasses found in some xenoliths, Draper and
Green [26] have suggested such pre-enrichment of
the mantle in alkali oxides and volatile elements.
Preexisting K2O-bearing phase, especially phlogo-
pite, is also often invoked as a potential source for
K2O-rich mantle melts (e.g. [23]). However, a strong
limitation is the very low H2O content of the silicic
melts inside inclusions (�0.02 wt%, see Section 2),
which precludes a significant amount of phlogopite
(or amphibole) in the source, and therefore a signifi-
cant effect on the K2O budget. Assuming that all the
water is contained in phlogopite and that F ½ 0:2%,
the maximum amount of phlogopite that could have
preexisted in the mantle source is less than 0.05%.

The range in the extent of melting necessary to
explain the data is much greater for batch melting
(0.2–20%) than for fractional melting (0.2–5%). A
purely batch melting process seems hardly recon-
cilable with the large differences in melt compo-
sition observed on scales of centimetres, and with
the low maximum degree of melting expected for
a relatively depleted peridotite source. On the other
hand, the observation that, at the very small length-
scale of the sample, melts are removed from grain
boundaries where they have been generated and can
be trapped along fractures within minerals without
efficient pooling, supports the hypothesis that the
cogenetic set of melt compositions recorded by the
inclusions are formed by varying extents of frac-
tional melting. A detailed discussion about melt
distribution and simultaneous melting=deformation
processes in peridotite, based on glass inclusion ev-
idence, is given in Schiano and Bottinga [32]. A
closer inspection of the Na2O versus K2O diagram
shows that low-alkali glass inclusions plot slightly

above the melting curves. This difference could re-
flect some mixing between different melt fractions,
a process invoked by Plank and Langmuir [47] for
MORB suites. The bulk partition coefficient for K2O
could also vary slightly as a function of the extent
of melting. It should be noted, however, that the
inferences drawn above are valid at the length scale
of the xenolith and may or may not apply at the
scale of mantle melting, some tens of kilometres.
The mechanism of melt pooling at the length scale
of the mantle could be greatly different.

An additional test for the melting model pre-
sented here is to consider the olivine=melt equili-
bration, in order to see whether the composition
of the host CLG1 xenolith is consistent with the
calculated residue of the melting process. We have
thus calculated the residual olivine compositions in
equilibrium with the calculated melts produced by
fractional melting from 0.2 to 5% of a slightly de-
pleted peridotite. The resulting compositions, when
plotted in a FeO versus MgO diagram, compare
favourably with the compositions of the olivine por-
phyroclasts in the CLG1 xenolith (Fig. 4). This in-

Fig. 4. MgO versus FeO diagram in cation mole percent, compar-
ing the model compositions of the melts and residual olivine to
the compositions of rehomogenized glass inclusions and olivine
porphyroclasts in CLG1 xenolith. Parameters used for the frac-
tional melting model are given in the caption of Fig. 2. Olivine
neoblasts in the xenolith are added for comparison. The overlap
between model olivine compositions and olivine porphyroclast
data is in agreement with the hypothesis that the melts trapped
in inclusions were derived from melting of a peridotite source
similar to the CLG1 xenolith. The slightly larger range in FeO
for the olivine porphyroclasts could reflect a variation in K ol=liq

D
Fe–Mg as a function of the total alkali content of the melt as
discussed in the text.
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dicates that the olivine porphyroclasts are in equilib-
rium with the calculated melts, and therefore with the
melts preserved inside inclusions. In contrast, olivine
neoblasts (Fo86–87) in the xenolith are markedly out
of equilibrium (Fig. 4). Hence, our model calcula-
tions support the hypothesis of local equilibration
between the high SiO2 melts and their enclosing
mineral phases.

5. Possible role for CO2 during partial melting

On the basis of their high concentrations in incom-
patible elements, some alkaline oceanic lavas are con-
sidered to represent very low-degree melts (nepheli-
nite, basanite). They are generally characterized by
low SiO2, high alkali oxides and FeO contents, in
marked contrast with the near-solidus melts preserved
as glass inclusions in peridotite minerals. This is il-
lustrated by the clear offset between the compositions
of inclusions in minerals from La Grille nodule and
those of the host basanites in the FeO or SiO2 versus
MgO diagrams of Fig. 1. This apparent paradox can,
at first sight, be related to the pressure of melting. At
higher pressures, mantle melts have lower SiO2 and
higher FeO (and MgO) contents, even in a dry envi-
ronment [5,48]. It might also reflect the role played
by volatiles in the genesis of these different types of
melts, in particular H2O and CO2, which have a ma-
jor effect on the composition of silicate melts during
partial melting (e.g. [49]).

Near-solidus diamond-aggregate experiments on
peridotite performed by Baker et al. [14] were con-
ducted with no or little volatile present, whereas CO2

is the volatile species that dominates in glass inclu-
sions. The evidence for CO2 oversaturation of glass
inclusions and the experimental data for CO2 solu-
bility in silicic melts [50] imply a CO2 concentration
in the trapped melt of around 0.45 wt%. In the pres-
ence of CO2, melts are usually thought to be silica-
poor rather than silica-rich (e.g. [51–53]). In contrast,
phase diagrams for a peridotitic system indicate that
the addition of H2O shifts the composition of melts to-
wards more silicic compositions [54]. However, FTIR
spectroscopy measurements indicate very low water
contents relative to carbon dioxide in high-SiO2 glass
inclusions. Hence, some other parameter has to be
invoked to explain their high silica contents.

We suggest here that the reason why low-degree
melts inside inclusions are silica-rich even though
they are CO2-saturated is linked (1) with the amount
of CO2 that can be dissolved in a melt as a func-
tion of pressure, and (2) with the speciation and
interaction of CO2 with cations within the melt.

At a pressure of 1 GPa, the solubility of CO2

in silica-rich melts is low [55], and CO2 is present
mostly in the molecular form rather than as carbonate
ions (CO2�

3 ). At this pressure, the addition of Na2O
and, more efficiently, of K2O in a silicate melt
produces a decrease in the activity coefficient of
SiO2 ( liq

SiO2
), through the depolymerization of the

SiO2 network [53,56]. Therefore, if the melt coexists
with ol C opx, a mineralogical assemblage buffering
the SiO2 activity (aliq

SiO2
), this decrease in ( liq

SiO2
) is

compensated by an increase in the SiO2 content
of the melt and, consequently, alkali and silica-rich
melts are generated.

At higher pressures, the solubility of CO2 and
the concentration of CO2 dissolved as carbonate
(CO2�

3 ) increase [57,58]. Moreover, the molecular
CO2=carbonate ratio decreases slightly [58] and the
CO2�

3 ion appears as an efficient ligand, forming
K2CO3, Na2CO3 and CaCO3 complexes [59,60].
One may consider that, in this case, the alkali oxides
do not have the potential to decrease significantly the
activity coefficient of SiO2, and therefore to increase
the SiO2 concentration of the melt.

In summary, we propose that the silicic compo-
sitions of the very low-degree melts formed at 1
GPa, and preserved as glass inclusions in CLG1
xenolith, result from a relatively low CO2 solubility
and a maximum effect of the alkali oxides on the
silica activity coefficient. Based on experimental ev-
idence, Hirschmann et al. [27] have also suggested
that the effect of alkali oxides on the silica content
of mantle melts decreases with increasing pressures,
because of the decrease with pressure in the de-
gree of polymerization for melts in equilibrium with
mantle peridotite.

6. Conclusion

This study confirms that glass inclusions in-
side mantle minerals are remnant aliquots of par-
tial mantle melts, and suggests that simultaneous
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melting=deformation processes have major implica-
tions for melting in the upper mantle [32]. It further
establishes that incipient melting of peridotite gener-
ates primary alkali and silica-rich melts, which may
have SiO2 contents up to 64 wt% for an extent of
melting of 0.2%. It has been previously shown that
silica-rich glass inclusions ubiquitously observed in
mantle minerals from intraplate regions have a high
potential as metasomatic agents [24]. This is demon-
strated by their high contents in potassium and other
incompatible elements. The results presented here
suggest that these are simply very low-degree mantle
melts, and that further melting of their sources pro-
duces melts more like erupted basalts. This genetic
link between metasomatism and magmatism could
reconcile two apparently contradictory observations
[61], namely the evidence from xenolith studies for
widespread metasomatism in the mantle, and the ab-
sence of extreme chemical heterogeneities recorded
by basalts (e.g. [62]).
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