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Abstract

Many ocean island basalts (OIB) that have isotopic ratios indicative of recycled crustal components in their source
are silica-undersaturated and unlike silicic liquids produced from partial melting of recycled mid-ocean ridge basalt
(MORB). However, experiments on a silica-deficient garnet pyroxenite, MIX1G, at 2.0^2.5 GPa show that some
pyroxenite partial melts are strongly silica-undersaturated [M.M. Hirschmann et al., Geology 31 (2003) 481^484].
These low-pressure liquids are plausible parents of alkalic OIB, except that they are too aluminous. We present new
partial melting experiments on MIX1G between 3.0 and 7.5 GPa. Partial melts at 5.0 GPa have low SiO2 (6 48 wt%),
low Al2O3 (6 12 wt%) and high CaO (s 12 wt%) at moderate MgO (12^16 wt%), and are more similar to primitive
OIB compositions than lower-pressure liquids of MIX1G or experimental partial melts of anhydrous or carbonated
peridotite. Solidus temperatures at 5.0 and 7.5 GPa are 1625 and 1825‡C, respectively, which are less than 50‡C cooler
than the anhydrous peridotite solidus. The liquidus temperature at 5.0 GPa is 1725‡C, indicating a narrow melting
interval (V100‡C). These melting relations suggest that OIB magmas can be produced by partial melting of a silica-
deficient pyroxenite similar to MIX1G if its melting residue contains significant garnet and lacks olivine. Such silica-
deficient pyroxenites could be produced by interaction between recycled subducted oceanic crust and mantle
peridotite or could be remnants of ancient oceanic lower crust or delaminated lower continental crust. If such
compositions are present in plumes ascending with potential temperatures of 1550‡C, they will begin to melt at about
5.0 GPa and produce appropriate partial melts. However, such hot plumes may also generate partial melts of
peridotite, which could dilute the pyroxenite-derived partial melts.
A 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Many ocean island basalts (OIB) have isotopic
and trace element signatures that are believed to
originate in ancient subducted ma¢c (clinopyrox-
ene-rich) lithologies (e.g., [2,3]). However, exper-
imentally derived partial melts of oceanic crustal
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lithologies, namely quartz or coesite eclogites, are
invariably silica-saturated (i.e., hypersthene- or
quartz-normative) [4^6], and the same is undoubt-
edly true for mantle lithologies derived from sub-
ducted sediments or continental crust. In contrast,
OIB with strong signatures of recycled compo-
nents are typically silica-undersaturated (i.e.,
nepheline-normative) alkali basalts, basanites,
and nephelinites (e.g., [1,7]). Clearly, subducted
silica-saturated eclogite cannot be the direct
source of such OIB. Understanding the petrogen-
esis of alkalic OIB is therefore of considerable
interest in constraining the origin and history of

the extreme isotopic heterogeneities sampled by
many oceanic basalts.
The petrogenetic processes responsible for sili-

ca-undersaturated lavas are poorly known, but
most models invoke an origin from small-degree
partial melts of peridotite in the presence of
CO2 MH2O (e.g., [8,9]). Such models are based
chie£y on inverse experiments showing that char-
acteristic alkalic lava compositions (olivine melili-
tite, olivine basanite) are close to multiple satura-
tion with garnet peridotite mineral assemblages in
the presence of large amounts (10^38 wt%) of
CO2^H2O £uids [10^12]. But to date no forward
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experiments have produced partial melts of peri-
dotite that are plausible parents of alkalic OIB
lavas (Fig. 1). This could be owing to the relative
dearth of forward experiments involving peri-
dotite+CO2 MH2O that provide analyses of the
liquids produced. It could also indicate that the
inverse experiments do not provide an accurate
guide to the origin of alkalic OIB, perhaps be-
cause their short durations (5^30 min) were not
su⁄cient to achieve equilibrium.
An alternative hypothesis for the origin of sili-

ca-undersaturated OIB is derivation by partial
melting of garnet pyroxenite [1]. Such pyroxenites
may potentially provide a link between recycled
crustal lithologies and the isotopic signatures evi-
dent in many OIB. Previous experiments on py-
roxenite compositions have demonstrated that
silica-undersaturated liquids can be produced
from pyroxenite compositions [1,13], and some
partial melts produced from a garnet pyroxenite
(MIX1G) at 2.0^2.5 GPa are similar to alkalic
OIB [1]. Although these liquids are too aluminous
to be parental to OIB lavas, there is a negative
correlation between Al2O3 and pressure (Fig. 1),
suggesting that partial melts of MIX1G produced
at higher pressure could be more similar to prim-
itive alkalic OIB lavas than those produced at
lower pressures. In this paper, we explore this
premise via partial melting experiments on
MIX1G between 3.0 and 7.5 GPa.

2. Compositions of alkalic OIB and their source
lithologies

Compositions of ma¢c lavas from ocean islands
that have strong isotopic signatures of the HIMU
(high-W), EM1 and EM2 mantle components are
plotted in Fig. 1. There is considerable scatter in
the data, which derive from a wide range of local-
ities and analytical laboratories and which have
not been ¢ltered or corrected for the e¡ects of
alteration or crystal accumulation. Nevertheless,
several key common characteristics are evident:
(1) Primitive lavas are silica-poor, as expected
for ma¢c rocks with signi¢cant normative nephe-
line; i.e., at 10 wt% MgO, most lie in the interval
of 45M 3 wt% SiO2 (Fig. 1A). (2) Variations in
Al2O3 at a given MgO concentration are relatively
small, with Al2O3 at 10 wt% MgO ranging be-
tween 11 and 13.5 wt% (Fig. 1C). (3) FeO* (total
Fe as FeO) and CaO concentrations vary widely
at a given MgO, but both range up to 14 wt%,
most notably at islands with HIMU signatures
(Fig. 1E,F). Here we consider whether these fea-
tures of OIB can be explained by partial melting
of peridotite or pyroxenite.

2.1. Alkalic OIB from partial melting of
peridotite?

Strongly nepheline-normative liquids can be

6

Fig. 1. Compositions of ma¢c OIB lavas (MgOs 4 wt%) from selected ocean island chains with extreme (EM1, EM2, or HIMU)
isotopic signatures (Azores, Canary, St. Helena, Tristan da Cunha, Marquesas, Pitcairn-Gambier, Society, Cook-Austral, and Sa-
moa) from GEOROC database (http://georoc.mpch-mainz.gwdg.de/). Lavas from islands with extreme HIMU signatures (Man-
gaia, Rurutu, and Tubuai from Cook-Austral, and St. Helena) are shown by ¢lled circles. Also shown are experimental partial
melts of MIX1G garnet pyroxenite at low pressures (2.0^2.5 GPa) [1], G2 MORB-like pyroxenite (3.0 GPa) [6], anhydrous peri-
dotite (2.0^7.0 GPa) [28,34,53], carbonated peridotite (3.0 GPa) [16], peridotite^pyroxenite mixtures (2.0^3.5 GPa) [5,17], and esti-
mated composition of near-solidus partial melt of peridotite at 4.5 GPa ([18], C. Herzberg, personal communication). Carbonated
peridotite partial melts are projected down to 20 wt% MgO along an olivine fractionation trend by assuming that KFe�Mg

D =0.35.
Thin arrows are olivine fractionation trends from representative high-pressure peridotite partial melts with compositions of
MgO=24 wt%, SiO2 = 46.5 wt%, Al2O3 = 7 wt%, FeO*=10 wt%, CaO=8 wt% (thin solid arrows); and MgO=20 wt%,
SiO2 = 46.5 wt%, Al2O3 = 10 wt%, FeO*= 10 wt%, CaO=9 wt% (thin dashed arrows). Thick dashed arrows are fractionation
trends of olivine and clinopyroxene (1:2 ratio in weight) at high pressures from the near-solidus melt of peridotite at 4.5 GPa.
Clinopyroxene composition is taken from representative values of that in peridotite at 4.0^4.5 GPa [28]: MgO=25 wt%,
SiO2 = 55 wt%, Al2O3 = 4 wt%, FeO*=5 wt%, CaO=10 wt%. Olivine fractionation of the more magnesian melt can produce
liquids that intersect the distinctive Al2O3^MgO trend of OIB, but that are well above the SiO2^MgO trend and below the
FeO*^MgO trend of OIB. Fractionation of olivine and high-pressure clinopyroxene from near-solidus peridotite melt can explain
OIB trends only when clinopyroxene/olivine ratios are as large as 2.

EPSL 6856 21-11-03

T. Kogiso et al. / Earth and Planetary Science Letters 216 (2003) 603^617 605

http://georoc.mpch-mainz.gwdg.de/


generated by small-degree partial melting of pe-
ridotite at high pressure [14], or of perido-
tite+CO2 MH2O [15,16] or of peridotite hybrid-
ized by subducted basalt [5,17]. The latter
mechanism is particularly appealing for genesis
of alkalic OIB with strong signatures of recycling
because it provides a link between the isotopic
and petrologic character of these lavas. In fact,
the low silica content of OIB from recycled sour-
ces could be explained by partial melting of a
range of peridotite compositions. However, exper-
imentally derived partial melts of peridotite, in-
cluding anhydrous, volatile-rich, or hybridized va-
rieties, do not match the MgO^Al2O3 or MgO^
CaO characteristics of these OIB. Partial melts of
various peridotites are richer in Al2O3 at a given
MgO content than OIB (Fig. 1C). They also have
lower CaO at a given MgO than many such OIB,
and in particular than most OIB with strong
HIMU signatures (Fig. 1F).
Fractionation of olivine from experimentally

derived partial melts of volatile-poor peridotite
or basalt^peridotite hybrids cannot yield liquids
with all the compositional features of alkalic
OIB. As shown in Fig. 1, such fractionation can
produce liquids with MgO^Al2O3 systematics sim-
ilar to some OIB, but with more SiO2 than the
lavas. On the other hand, because partial melts of
peridotite+CO2 have lower SiO2 than CO2-poor
compositions (Fig. 1A), it is possible that frac-
tionation of olivine from partial melts of carbo-
nated peridotite ( MH2O) could match the MgO^
SiO2^Al2O3 systematics of alkalic OIB. However,
as pointed out by Kogiso et al. [17], such a sce-
nario fails to explain the relatively high FeO* of
OIB (Fig. 1E). We emphasize that relatively few
partial melt compositions of carbonated peridotite
have been reported, but at this time there are no
experiments that reproduce alkalic OIB composi-
tions by peridotite partial fusion.
Herzberg and O’Hara [18] parameterized exper-

imental data of peridotite partial melting and
demonstrated that near-solidus partial melts of
peridotite produced at 4^5 GPa can have high
FeO* contents comparable to those of OIB (Fig.
1E). Such near-solidus melts could have as little as
8 wt% Al2O3 at 20 wt% MgO (C. Herzberg, per-
sonal communication, 2003), and olivine fraction-

ation from such a liquid could potentially explain
MgO^Al2O3 systematics of OIB lavas (Fig. 1C).
However, inferred compositions of near-solidus
partial melts of peridotite at 4^5 GPa are too
SiO2-rich to yield OIB lava trends by olivine frac-
tionation alone (Fig. 1A). Crystallization of oliv-
ine and clinopyroxene at high pressures can pro-
duce low SiO2 liquids from near-solidus peridotite
melts, though explaining OIB trends requires that
clinopyroxene crystallization exceeds that of oliv-
ine (Fig. 1). Because the phase volume of clino-
pyroxene shrinks relative to olivine with decreas-
ing pressure (e.g., [19]), olivine crystallization
dominates clinopyroxene in peridotite partial
melts during mantle ascent. This makes it di⁄cult
to account for low SiO2 contents of some OIB by
clinopyroxene+olivine fractionation at high pres-
sures. Clinopyroxene fractionation in crustal mag-
ma chambers may be an important process within
OIB lava suites because trends on the MgO^
Al2O3 and MgO^Al2O3/CaO plots cannot be pro-
duced by olivine fractionation alone (Fig. 1). In-
deed, primitive alkalic OIB commonly contain
clinopyroxene phenocrysts [7]. However, low-
pressure clinopyroxene fractionation from the
near-solidus peridotite melts cannot be principally
responsible for OIB lava trends because the clino-
pyroxene crystallized at lower pressures has too
much CaO (s 20 wt% [7], T. Kogiso, unpublished
data).

2.2. Alkalic OIB from partial melting of
pyroxenite?

An alternative hypothesis for the genesis of al-
kalic OIB is that they derive from partial melts of
pyroxenite. The existence of pyroxenite in OIB
source regions has been inferred from the geo-
chemistry of some OIB suites [20^24]. Many py-
roxenites in the mantle may be silica-de¢cient [1],
as considered in greater detail in Section 5, and
these are capable of generating nepheline-norma-
tive partial melts.
Silica-de¢cient pyroxenites consist primarily of

garnet and pyroxene, with minor amounts of oth-
er silica-poor minerals (olivine, spinel, and/or oth-
er oxides) [1]. In the pseudoternary system forster-
ite^Ca-Tschermaks pyroxene^quartz (Fo^CaTs^
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Qz) projected from diopside (Di) [19], such pyrox-
enites have less silica than the pyroxene (enstatite
(En)^CaTs) join (Fig. 2). In contrast, rocks dom-
inated by pyroxene and garnet that include minor
amounts of quartz or other silica-rich phases are
silica-excess pyroxenites. Previous partial melting
experiments at 2.0 and 2.5 GPa on a silica-de¢-
cient garnet pyroxenite, MIX1G, produced
strongly silica-undersaturated liquids [1]. These
liquids have as high FeO* and CaO contents as
alkalic OIB, although they have too high Al2O3 to
be parental to OIB lavas (Fig. 1). Nevertheless,
there is a negative correlation between Al2O3

and pressure (Fig. 1C), probably owing to en-
hanced garnet stability with increasing pressure.
It can therefore be supposed that higher-pressure
partial melts of MIX1G could be plausible paren-
tal liquids for alkalic OIB lavas.

3. Experimental procedures

The MIX1G starting material (Table 1) was
constructed from natural mineral and rock pow-

ders [1] and was selected because it is an inter-
mediate composition within the array of mantle
pyroxenite. Experiments at 3.0 and 3.3 GPa were
conducted using an end-loaded piston cylinder
apparatus at the University of Minnesota and
run procedures described in Kogiso and Hirsch-
mann [13]. Experiments at 5.0 and 7.5 GPa were
conducted between 1600 and 1850‡C using a
Walker-type multi-anvil apparatus at Universita«t
Bayreuth. We used semi-sintered MgO/Cr2O3 oc-
tahedra with 18 mm edge length as pressure me-
dia, and WC cubes with 11 mm truncation edge
length. The pressure was calibrated at 1000‡C us-
ing the CaGeO3 garnet to perovskite transforma-
tion at 6.1 GPa [25] and the SiO2 coesite to stisho-
vite at 8.7 GPa [26]. The furnace assembly
consisted of a stepped LaCrO3 heater with Mo
electrodes at the ends, a ZrO2 outer sleeve and
MgO inner pieces. Sample powder was packed
in a graphite crucible (inner size: 0.5 mm
heightU0.5 mm diameter) placed in a Pt outer
capsule. The assembled octahedra, furnace parts
and sample capsule were stored in a vacuum oven
overnight at 260‡C before an experiment. We in-
vestigated the thermal gradient in our assembly at
7.5 GPa and 1500‡C using an enstatite^diopside
mixed powder and two-pyroxene thermometry
from Nickel et al. [27]. The temperature di¡erence
across the sample position was found to be less
than 50‡C.

Fig. 2. Compositions of MIX1G starting material compared
to mantle pyroxenites [35] in the pseudoternary system Fo^
CaTs^Qz projected from Di, using the method of O’Hara
[19]. Also plotted are MORB matrix glasses [40] and mantle
peridotites [54]. Compositions plotting to the left of the Fo^
An (anorthite) join are nepheline-normative, whereas those
to the right of the join are hypersthene-normative or, if they
plot to the right of the An^En (enstatite) join, quartz-norma-
tive. The CaTs^En join is a thermal divide for garnet pyrox-
enites. Those compositions plotting to the left of the join,
such as MIX1G, will form partial melts that also plot to the
silica-poor side of the divide. In most cases, these will also
be nepheline-normative. In contrast, MORB plot to the right
of the join and form silicic partial melts.

Table 1
Compositions (wt%) of starting material and MORB-like py-
roxenite

MIX1Ga G2b

SiO2 45.56 50.05
TiO2 0.90 1.97
Al2O3 15.19 15.76
FeO*c 7.77 9.35
MnO 0.15 0.17
MgO 16.67 7.90
CaO 11.48 11.74
Na2O 1.44 3.04
K2O 0.04 0.03
Total 99.20 100.00
Mg#d 79.3 60.1
a Hirschmann et al. [1].
b Typical MORB [6].
c Total Fe as FeO.
d Molar Mg/(Mg+Fe)U100.
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Compositions of quenched phases were deter-
mined using a JEOL JXA8900R electron micro-
probe at University of Minnesota and JEOL
JXA8800 at Tokyo Institute of Technology. Anal-
yses were done using a 15 kV, 10 nA beam and 20
s peak acquisition time for all elements. Analyti-
cal precisions of major oxides are better than 2%
relative [13], and inter-laboratory di¡erences are
negligible (Table 3). Phase proportions were cal-
culated by mass balance between the composi-
tions of coexisting phases and the bulk composi-
tion using a linear least squares method. Residual
sums of squares range from 0.03 to 0.29, indicat-
ing reasonable mass balances between analyzed
phases and the starting bulk composition.

4. Experimental results

Experimental conditions and corresponding
phase assemblages are listed in Table 2 and plot-
ted in Fig. 3 along with the results of lower-pres-
sure experiments on MIX1G from Hirschmann et
al. [1]. Crystal sizes range from 1^10 Wm in sub-
solidus runs to 10^50 Wm in near-liquidus runs.
Quenched melt in all above solidus runs were
composed of ¢ne-grained quench crystals. Melt
pools large enough to analyze by the electron mi-
croprobe are present in experimental charges from

5.0 GPa at 1650‡C and hotter. Compositions and
proportions of melt and mineral phases of the 5.0
GPa charges are given in Table 3. In the 5.0 GPa
charges, there are no correlations of melt and
mineral compositions with position within the
capsule. Garnet and clinopyroxene crystals show
no detectable compositional zoning. Average rel-
ative errors of major oxides are V1% for Si,
V2% for Al, V3% for Fe, and V2% for Mg
and Ca (Table 3). These values are comparable
to microprobe analytical uncertainty. Oxide totals
of melt compositions in all charges are above 99
wt%, indicating that amounts of volatiles in the
charges are negligible. Fe^Mg exchange coe⁄-
cients (KD = (Fe/Mg)mineral/(Fe/Mg)melt) are 0.42M
0.03 and 0.27M 0.03 for garnet and clinopyroxene,
respectively (Table 3), both of which are within
the range of those in high-pressure experiments
[28,29].

Table 2
Experimental run conditions and phase assemblages

Run no. P T Duration Phasea

(GPa) (‡C) (h)

A325 3.0 1400 72 grt, cpx, ol, sp
A320 3.3 1400 62M 8b grt, cpx, ol, sp
V154 5.0 1600 1.0 grt, cpx, FeTi
V162 5.0 1650 6.0 melt, grt, cpx
V161 5.0 1675 6.0 melt, grt, cpx
V157 5.0 1700 0.5 melt, grt
V158 5.0 1750 0.5 melt
V149 7.5 1700 6.0 grt, cpx, FeTi
V153 7.5 1800 8 min grt, cpx, FeTi
V159 7.5 1850 5 min melt, grt, cpx
a Abbreviations: grt = garnet, cpx= clinopyroxene, ol = oliv-
ine, sp= spinel, FeTi=Fe^Ti oxide.
b Run A320 was accidentally terminated by a power failure,
and exact run duration was not recorded.

Fig. 3. Pressure^temperature diagram for partial melting ex-
periments of MIX1G garnet pyroxenite. Data at 2.0 and 2.5
GPa (smaller symbols) are from Hirschmann et al. [1]. Larg-
er circles and squares are, respectively, piston cylinder and
multi-anvil data from this study. Solid curve is the estimated
solidus of MIX1G, thin dashed curve is that of MORB [4]
and dotted curve is that of typical peridotite [30]. An adia-
batic path for mantle potential temperature (MPT) of
1550‡C is also shown [55]. This MPT is approximately 200‡C
hotter than the oceanic ridge geotherm and is appropriate
for hotspots such as Hawaii (e.g., [52]). Abbreviations: cpx=
clinopyroxene, grt = garnet, sp= spinel, ol = olivine, FeTi =
Fe^Ti oxide.
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Table 3
Phase compositions (wt%) from 5.0 GPa experimentsa

Run no. Phaseb nc SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O Total Mg# Moded KD
e

V162 melt 8 46.75 (49) 3.13 (37) 6.38(39) 13.86(36) 0.14 (2) 13.39 (19) 13.60(29) 2.25 (14) 0.05 (4) 99.54 63.3 0.19 -
grt 15 42.21 (29) 0.63 (5) 22.64(20) 7.66(19) 0.18 (2) 18.53 (25) 8.11(17) 0.07 (2) 0.01 (1) 100.04 81.2 0.53 0.40
cpx 10 52.67 (33) 0.26 (4) 7.49(4) 4.44(15) 0.08 (2) 16.23 (16) 16.67(27) 2.01 (6) 0.00 (1) 99.85 86.7 0.28 0.26

V161 melt 11 47.35 (59) 1.93 (20) 10.15(51) 10.69(72) 0.17 (2) 13.59 (26) 12.80(31) 2.43 (16) 0.08 (4) 99.20 69.4 0.40 -
grt 7 42.36 (19) 0.49 (7) 23.05(25) 6.65(23) 0.19 (4) 19.24 (28) 8.18(19) 0.06 (3) 0.00 (0) 100.24 83.8 0.43 0.44
cpx 5 52.29 (33) 0.19 (2) 8.26(39) 3.84(6) 0.08 (3) 16.58 (19) 16.16(28) 1.93 (6) 0.02 (1) 99.35 88.5 0.17 0.30

V157 melt 9 46.99 (30) 1.13 (5) 12.49(13) 8.66(34) 0.16 (4) 15.32 (20) 12.47(13) 1.80 (10) 0.05 (2) 99.07 75.9 0.75 -
grt 5 42.78 (22) 0.50 (3) 23.61(6) 5.00(17) 0.14 (5) 20.33 (15) 8.21(22) 0.06 (3) 0.00 (0) 100.63 87.9 0.25 0.44

UMN vs. TIT f

UMN 9 42.31 (30) 0.64 (5) 22.67(23) 7.53(9) 0.18 (3) 18.61 (28) 8.15(12) 0.07 (1) 0.01 (1) 100.17 81.5
TIT 6 42.05 (21) 0.63 (6) 22.60(16) 7.84(15) 0.18 (1) 18.42 (17) 8.06(23) 0.06 (2) 0.01 (1) 99.85 80.7

a Numbers in parentheses are two standard deviations, and refer to the last digit(s).
b Phase abbreviations as in Table 2.
c Number of analyses.
d Weight fractions determined by mass balance calculations.
e Fe^Mg exchange coe⁄cients (in mol) between mineral and melt: (Fe/Mg)mineral/(Fe/Mg)melt.
f Comparison of garnet compositions in V162 analyzed at University of Minnesota (UMN) and at Tokyo Institute of Technology (TIT).
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garnet is larger than that of clinopyroxene and
garnet is the liquidus phase (Table 3).

4.2. Melt composition

The melt compositions of 5.0 GPa experiments
are plotted against temperature in Fig. 4, and
against MgO contents and in the Fo^CaTs^Qz-

normative diagram in Fig. 5. With increasing tem-
perature, Al2O3 and MgO contents increase,
TiO2, FeO*, CaO and Na2O contents decrease,
and SiO2 contents are nearly constant. The
Na2O content of the melt of the 1650‡C run
(V162) seems to be too low to balance the bulk
composition (Table 3). This might be due to loss
of some Na-bearing phases during polishing the

Fig. 5. Compositions of MIX1G partial melts compared to OIB lavas and experimental partial melts of anhydrous peridotite
plotted against MgO (A^G) and in the pseudoternary Fo^CaTs^Qz diagram projected from Di following the methods of O’Hara
[19] (H). Data sources are as in Fig. 1.
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charge, and the actual content could be higher.
Although we cannot identify lost phases, they
are not likely volatile-bearing because the oxide
total of the V162 melt is close to 100% (Table
3). All compositions are nepheline-normative
and plot in the silica-de¢cient (left) side of the
thermal divide (Fig. 5). Compared with MIX1G
melts produced at lower pressures [1], 5.0 GPa
melts have lower Al2O3 and higher SiO2 and
CaO contents (Fig. 5). In contrast, MgO contents
are similar to those of lower-pressure melts.

5. Discussion

5.1. Comparison to OIB

Partial melts of MIX1G generated between 2.0
and 5.0 GPa ([1] and this study) are strongly
nepheline-normative and have MgO, TiO2,
FeO*, CaO and Na2O contents comparable to
those in primitive alkalic OIB lavas (Fig. 5).
Whereas the low-pressure partial melts are richer
in Al2O3 than plausible parents of OIB suites,
those generated at 5.0 GPa have Al2O3 compara-
ble to those of primitive OIB lavas (Fig. 5C).
Although SiO2 contents of the 5.0 GPa melts of
MIX1G are too high to be parental to OIB lavas,
the SiO2 range of MIX1G melts produced at 2.5^
5.0 GPa overlaps that of the majority of primitive
OIB lavas (Fig. 5A), that is, MIX1G partial melt-
ing at pressures between 2.5 and 5.0 GPa can
produce liquids quite similar to primitive OIB.
In fact, the high-pressure partial melts of
MIX1G are more similar to the major element
compositions of primitive OIB lavas than any
other experimentally derived partial melts yet re-
ported are (Figs. 1 and 5).
It is notable that the CaO contents of partial

melts of MIX1G at 5.0 GPa are as high as those
found in OIB with strong HIMU signatures, such
as from St. Helena and the Cook-Austral islands
(Fig. 5F). Such OIB are richer in CaO at a given
MgO than other OIB [7] and than partial melts of
anhydrous peridotite or peridotite^basalt mixtures
(Fig. 1F). An alternative explanation for the high
CaO in OIB with strong HIMU signatures is der-
ivation from carbonated peridotite (Fig. 1F), but

as mentioned above, such a mechanism may not
be easily reconciled with the high FeO* of these
lavas (Fig. 1E). Regardless, an adequate model
for the HIMU source must explain the major
element composition of the lavas as well as the
trace element and isotopic characteristics of
the HIMU reservoir. Relative to OIB lacking
HIMU signatures, the sources of HIMU may
contain a higher proportion of garnet pyroxenite
like MIX1G or carbonated peridotite, but the for-
mer provides a better match to observed major
elements (Figs. 1 and 5) and also may more easily
be related to the recycled isotopic signatures that
characterize HIMU.

5.2. Phase relations and production of OIB
parental magmas

The decrease in Al2O3 in partial melts of pyrox-
enite observed with increasing pressure is a con-
sequence of increasing stability of garnet relative
to clinopyroxene. At low pressure (2.0^2.5 GPa),
garnet disappears at lower temperature than cli-
nopyroxene and spinel (Fig. 3), and more impor-

Fig. 6. Weight fractions of melt and residual mineral phases
determined by mass balance calculations at 2.5 GPa (A: [1])
and 5.0 GPa (B: this study) plotted against run temperature.
Note the increased stability of garnet with increasing pres-
sure.
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tantly, is always subordinate in abundance to cli-
nopyroxene (Fig. 6A). In contrast, garnet is the
liquidus phase at 5.0 GPa, and its mode is greater
than that of clinopyroxene through the melting
interval (Fig. 6B). As the stability ¢eld of garnet
expands relative to clinopyroxene with increasing
pressure, the Al2O3 contents of cotectic liquids
decrease, and the CaO contents increase (Figs. 4
and 7).
It is important to note that olivine is a rela-

tively minor factor in the phase equilibria of gar-
net pyroxenite, and consequently liquids do not
vary greatly in MgO concentrations. Olivine has

not been observed in the melting interval above
5.0 GPa (Fig. 3) and is present only in small
amounts near the solidus at lower pressures
(Fig. 3). Consequently, shifts in Al2O3 and CaO
of MIX1G partial melts with increasing pressures
are not accompanied by appreciable increases in
MgO contents (Fig. 7).
Expansion of the garnet stability ¢eld at higher

pressure also increases SiO2 contents of partial
melts because garnet is SiO2-poor (Table 3, Fig.
7). As a result, partial melts of MIX1G at 5.0
GPa are too high in SiO2 to be parental to OIB
magmas (Fig. 5), although MIX1G melts pro-
duced between 2.5 and 5.0 GPa cover the wide
range of SiO2 contents of OIB lavas (Fig. 5A).
It may be possible to produce liquids with much
lower SiO2 contents by partial melting from py-
roxenites similar to MIX1G, but with slightly
lower SiO2 contents. Once clinopyroxene is ex-
hausted in the solid residue during partial melting
of a MIX1G-like pyroxenite at a given pressure,
melt compositions lie along the garnet control
line, as schematically illustrated in Fig. 8. There-
fore, compositional trends of partial melts from a
pyroxenite more depleted in SiO2 than MIX1G
would reach the garnet control line at lower

Fig. 7. Change in composition of partial melts of MIX1G
garnet pyroxenite and anhydrous peridotite with increasing
pressure. Numbers indicate pressures in GPa. With increasing
pressure, partial melts of both lithologies diminish in Al2O3,
owing to the increasing stability of garnet. However, MgO
contents of MIX1G partial melts do not increase signi¢cantly
with increasing pressure because of the absence of appreci-
able olivine in the residue, whereas partial melts of peridotite
become enriched in MgO with increasing pressure owing to
the dominant in£uence of the shrinking phase volume of ol-
ivine [28,34,53].

Fig. 8. MgO^SiO2 systematics of pyroxenite partial melts.
Thick solid curve indicates isobaric melting trend of MIX1G
at 5.0 GPa. Once clinopyroxene is exhausted in the solid res-
idue, the melt composition lies on the garnet control line
(thin solid line). The same melting relation is expected to be
maintained in partial melting of a pyroxenite similar to
MIX1G but with less SiO2 (thick dashed curve and thin
dashed line). Such a SiO2-depleted pyroxenite can produce
partial melts with low SiO2 contents that are more similar to
primitive OIB lavas than MIX1G melts.
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SiO2 (Fig. 8), and consequently partial melts more
depleted in SiO2 are produced under similar P^T
conditions. Note that such a SiO2-depleted pyrox-
enite is expected to have a larger amount of gar-
net in its melting residue than MIX1G at similar
degrees of melting because of its lower SiO2 con-
tent (Fig. 8). This would result in partial melts
more depleted in Al2O3 than those from
MIX1G at the same P^T conditions, because
Al2O3 contents of partial melts are principally
controlled by garnet in the residue, as described
above. Thus, a pyroxenite with less SiO2 than
MIX1G can produce partial melts with less SiO2

and less Al2O3 contents, that is, liquids more sim-
ilar to OIB parental liquids at similar or even
higher degrees of melting.
Production of silica-undersaturated liquids

from silica-de¢cient pyroxenite can be understood
from consideration of the Fo^CaTs^Qz plot pro-
jected from Di (Figs. 2 and 5) [19]. The En^CaTs
join of this projection is a thermal divide when
garnet and pyroxene are sole minerals in the res-
idue [19]. Therefore, silica-de¢cient garnet pyrox-
enites like MIX1G that plot on the silica-poor
(left) side of the thermal divide generate silica-
poor melts that also plot on the left side of the
divide (Fig. 5H). Many are also nepheline-norma-
tive, such as the partial melts of MIX1G (Fig.
5H).
In summary, liquids parental to OIB lavas must

be low in Al2O3 and rich in CaO. Production of
such magmas from partial melting of pyroxenite
requires that the residual solids contain an ad-
equate amount of garnet, and that olivine is
absent above the solidus. Also, the silica-under-
saturated character of OIB requires that the
pyroxenite bulk composition projects on the sili-
ca-de¢cient side of the thermal divide in the Fo^
CaTs^Qz projection (Fig. 2). Our experiments
demonstrate that MIX1G meets these require-
ments, but other pyroxenites with less SiO2 that
meet the above requirements could be better po-
tential sources for silica-undersaturated OIB
lavas. In addition, carbonated garnet pyroxenite
may produce liquids with appropriate character-
istics at temperatures well below those required
for volatile-poor MIX1G.
The e¡ect of pressure on partial melting rela-

tionships of peridotite is quite distinct from the
e¡ect on garnet pyroxenite. As is the case for py-
roxenite, garnet becomes increasingly stable in
peridotite with increasing pressure [28,31,32],
leading to diminished Al2O3 in partial melts.
But the dominant in£uence of the olivine phase
volume on peridotite phase equilibria results in
strongly increasing MgO of partial melts with in-
creasing pressure [14,28,33,34]. Thus, in contrast
to pyroxenite, high-pressure low Al2O3 partial
melts of peridotite are very rich in MgO (i.e.,
they trend towards komatiite) (Fig. 7). In con-
trast, SiO2 contents of peridotite partial melts
are not greatly a¡ected by pressure, because the
e¡ect of expansion of garnet stability on SiO2

contents of partial melts has less leverage than
bu¡ering by olivine and pyroxene. Coexistence
of garnet and olivine forces partial melts of peri-
dotite to lie along a common trend in a plot of
Al2O3 vs. MgO, but not in that of SiO2 vs. MgO
(Fig. 1). High-pressure partial melts of peridotite^
MORB mixtures [17] are also bu¡ered by garnet
and olivine, and so plot along the same trend
(Fig. 1). The same is true for partial melts of
carbonated peridotite [16] (Fig. 1). Consequently,
the MgO^SiO2 and MgO^Al2O3 compositional
¢elds of experimental peridotite melts and primi-
tive OIB do not overlap (Figs. 1 and 5).

5.3. Origin of silica-de¢cient pyroxenite

Pyroxenites in the mantle may originate by
many di¡erent processes [35], and as illustrated
in Fig. 2, many pyroxenites from mantle samples
are silica-de¢cient. However, pyroxenites sampled
at the surface are not necessarily good analogs for
those potentially present in basalt source regions
in the convecting mantle, and so it is important to
consider whether there are plausible processes to
introduce signi¢cant silica-de¢cient pyroxenite
into the source regions of OIB.
Subducted oceanic crust is the volumetrically

dominant potential source of mantle pyroxenites,
and most samples of modern oceanic crust, in-
cluding virtually all MORB and most oceanic
gabbros, have excess silica [36^40]. Neverthe-
less, oceanic crust may be converted to silica-
de¢cient compositions by a combination of pro-
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cesses in subduction zones and in the convecting
mantle.
Dehydration of subducting oceanic crust likely

extracts some or all of the free silica from de-
scending quartz eclogite (e.g., [41]). If partial
melting occurs, removal of siliceous liquids (e.g.,
[42]) would also reduce the silica content of the
subducting residue. The result may be bimineralic
pyroxenite, which consists solely of garnet and
clinopyroxene. These plot along the thermal di-
vide in the Fo^CaTs^Qz system (Fig. 2) and rep-
resent an intermediate case between silica-excess
and silica-de¢cient pyroxenites.
Subducted oceanic crust is stretched and

thinned by convective stirring of the mantle
[43,44]. After V1 Gyr, the typical thickness of
recycled crust may be on the order of cm to a
few meters [44]. Through a combination of me-
chanical and di¡usive interactions with peridotite
(e.g., [24,45^47]), these relatively thin bodies may
become hybridized with surrounding peridotite,
yielding olivine-bearing (and therefore silica-de¢-
cient) pyroxenite. Metasomatic silicate or carbo-
natite liquids may also promote this process. Note
that hybridization can produce compositions suit-
able for generation of alkalic OIB by addition of
a small amount of olivine, but extensive mixing
between pyroxenite and peridotite would produce
an olivine-rich lithology with melting relations
similar to peridotite, and this would be less likely
to produce partial melts with appropriate major
element characteristics. For example, a 1:1 mix-
ture of peridotite and MORB produces partial
melts with compositions similar to partial melts
of typical fertile peridotite (Fig. 1) [17]. Also,
extensive interaction may yield pyroxenite with
less radiogenic Os than observed in extreme OIB
[24].
Oceanic gabbros with olivine more abundant

than plagioclase on a molar basis are also silica-
de¢cient, and though examples of such composi-
tions are not abundant in modern oceanic crust
[36^39], they may have been more common earlier
in Earth history, when average oceanic crust com-
positions were probably more MgO-rich. The
high MgO eclogites of Koidu, Sierra Leone may
be examples of Archean silica-de¢cient lower oce-
anic crust [48]. Thus, a signi¢cant portion of an-

cient subducted oceanic crust may be silica-de¢-
cient.
Finally, there are plausible sources of silica-de-

¢cient mantle pyroxenite other than subducted
oceanic crust and that may also carry extreme
isotopic heterogeneities. For example, olivine-
bearing pyroxene- or garnet-rich delaminated low-
er crust of continents or arcs [49] are expected to
be silica-de¢cient and may be potential sources of
the EM1 mantle reservoir [50]. Veins in the oce-
anic lithosphere, such as those invoked for the
source central Atlantic islands with strong
HIMU signatures [51] could also be silica-de¢-
cient; i.e., many of the pyroxenite xenoliths de-
rived from the lithosphere beneath Hawaii, which
may be reasonable analogs for such veins, are ol-
ivine-bearing and plot to the left of the thermal
divide in the Fo^CaTs^Qz projection of Fig. 2.

5.4. Conditions of generation of alkalic OIB

Our experiments demonstrate that silica-de¢-
cient garnet pyroxenite similar to MIX1G can
generate liquids parental to alkalic OIB near 5.0
GPa and 1650‡C. However, it is not clear whether
these are geodynamically reasonable conditions
for generation of OIB. They require a mantle po-
tential temperature V200‡C hotter than the oce-
anic geotherm (i.e., [52]) (Fig. 3) and would result
in substantial peridotite partial melting if plumes
ascend to the base of the lithosphere (V3 GPa,
100 km). Extensive contributions from peridotite
would dilute the major element and isotopic sig-
natures of pyroxenite partial melts. One possible
resolution of this problem is partial melting of
pyroxenite at lower temperature and pressure
along less extreme geotherms, perhaps owing to
modest amounts of CO2 MH2O, if appropriate
compositions could be generated. Further exper-
imental work is required to determine whether
partial melts of carbonated silica-de¢cient pyrox-
enite can generate liquids that could be parental
to alkalic OIB with strong signatures of recycling.

6. Conclusions

The solidus temperature of MIX1G, a silica-de-

EPSL 6856 21-11-03

T. Kogiso et al. / Earth and Planetary Science Letters 216 (2003) 603^617614



¢cient garnet pyroxenite, is 6 50‡C lower than
that of typical mantle peridotite over the pressure
range of 3.0^7.5 GPa. At 5.0 GPa, MIX1G pro-
duces low Al2O3, silica-undersaturated partial
melts with many similarities to primitive OIB
lavas with strong isotopic signatures of crustal
recycling. Thus, garnet pyroxenite compositions
similar to MIX1G may be plausible sources for
parental liquids of OIB lavas. The phase relations
of MIX1G in its melting interval suggest that
ma¢c lithologies can be sources of OIB parental
magmas if they (1) are silica-de¢cient relative to
the garnet^clinopyroxene thermal divide in the
Fo^CaTs^Qz system, (2) are relatively poor in ol-
ivine such that high-temperature high-pressure
partial melts are not highly enriched in MgO
and (3) produce partial melts that are low in
Al2O3 owing to bu¡ering by garnet. Such silica-
de¢cient pyroxenites could be produced by inter-
actions between recycled subducted oceanic crust
and mantle peridotite. Alternatively, ancient low-
er oceanic crust or delaminated lower continental
crust may be sources of silica-de¢cient pyroxenite
in the convecting mantle.
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