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Abstract

Variations in the bulk-rock compositions of primary high-Mg melts provide important constraints on the thermal
and chemical structure of their mantle source regions. Picrites and komatiites of Archean to Recent age exhibit a wide
range of FeO and Al2O3 at a given MgO content. Those with FeO* contents (total Fe as FeO)s 12.5 wt% have low
Al2O3 contents (typically6 10 wt%), and also fractionated heavy rare-earth-element ratios ([Gd/Yb]n = 1.25^3.75), that
are consistent with melt generation in the garnet-stability field. The high-Fe magnesian melts typically have positive
ONd values, which are similar or slightly lower than those of co-existing picrites and komatiites, and suggest that the
convecting mantle was the predominant melt source region. The high-Fe magnesian magmas typically occur at, or close
to, the base of igneous successions of Archean (e.g. Onverwacht Group, S. Africa and Superior Province, Canada) and
Phanerozoic age (e.g. Siberia, Paranä-Etendeka, and the North Atlantic Igneous Province) and appear to represent
some of the earliest magmas to be generated during melting of mantle plume starting-heads. Generation of high-Fe
magnesian melts cannot be readily explained by high-pressure melting of fertile peridotite in a dynamic melting regime.
A comparison of the bulk-rock compositions of Fe-rich picrites with the results of recent experimental studies on
basalt^peridotite mixtures suggests that the high-Fe magnesian melts may have been generated by moderate amounts of
partial melting of `re-fertilised' peridotite at potential temperatures of v1450³C and pressures v4.5 GPa. This hybrid
Fe-rich peridotite is thought to result from a series of progressive mixing and reaction processes between subducted
oceanic crust (eclogite) and convecting mantle. These findings suggest that compositional heterogeneity, involving
streaks of recycled oceanic crust in a peridotite host, may have been a characteristic of mantle plume starting-heads
since Archean times. ß 2002 Elsevier Science B.V. All rights reserved.

Keywords: picrite; komatiite; £ood basalts; mantle plumes; eclogite; lithosphere

1. Introduction

Adiabatic decompression melting within the
starting-heads of upwelling mantle plumes is

widely believed to be responsible for the genesis
of the enormous volumes of magma that consti-
tute large igneous provinces. Those of Proterozoic
and Phanerozoic age are dominated by low-MgO
lavas with rare picritic (MgOs 12 wt%) £ows,
whereas Archean sequences typically contain ko-
matiites (s 18 wt% MgO) and basaltic komatiites
(18^12 wt% MgO). Variations in the bulk-rock
compositions of these high-Mg melts have been
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used to provide constraints on the thermal and
chemical structure of their mantle source re-
gion(s). For example, the decrease in MgO con-
tents of Archean to Recent melts is believed by
some to indicate a secular decrease in: (i) depth of
adiabatic decompression melting of mantle
plumes [1^4] ; and (ii) mantle potential tempera-
ture, which is thought to be V200³C lower at the
present-day [5]. Nevertheless, uncertainty over the
primary melt compositions of Archean komati-
ites, such as their MgO contents and hydrous ver-
sus anhydrous nature, limits our ability to con-
strain mantle temperatures and source
compositions [6].

Phanerozoic continental £ood-basalt (CFB)

provinces lack the structural complexity and
low-grade metamorphism that have proved prob-
lematic in interpreting komatiite petrogenesis, and
may o¡er a key to understanding Archean and
Early Proterozoic processes. A recent study of
high-MgO magmas from Phanerozoic CFBs has
revealed that they exhibit marked variations in
their FeO* (total Fe) and Al2O3 contents, and
rare-earth-element (REE) ratios, at a given MgO
value [7]. Those with high FeO* are believed to
have been generated by adiabatic decompression
melting of Fe-rich streaks in upwelling mantle
plume starting-heads, rather than by high-pres-
sure (s 6 GPa) melting of fertile peridotite [7].
Relatively high contents of FeO* are also charac-
teristic of high-Mg melts in Archean and Protero-
zoic CFBs [8]. This paper examines the similarities
in the bulk-rock compositions of Archean to Re-
cent Fe-rich melts and the role of recycled oceanic
crust in their genesis.

2. Phanerozoic anhydrous high-Mg melts

The generation of high-Mg anhydrous melts re-
quires mantle potential temperatures that are
V200³C in excess of those of ambient upper
mantle [9,10]. Evidence for the existence of Phan-
erozoic primary high-Mg melts is preserved in
picritic (s 12 wt% MgO) lavas and hypabyssal
intrusions in CFB provinces (e.g. Deccan, Green-
land, Karoo, Paranä-Etendeka, British Tertiary),
on oceanic islands (e.g. Hawaii, Iceland) and also
and oceanic plateaux (e.g. Gorgona). On the con-
tinents, picritic rocks typically form a volumetri-
cally minor proportion of lava piles ; more signi¢-
cant quantities of these relatively high-density
melts were probably trapped in magma chambers
at the base of the crust.

Estimates of parental melt compositions of
Phanerozoic picrites, based on analyses of olivine
phenocrysts (up to Mg# =V92) range from V15
to 19 wt% MgO with Mg# =V0.75^0.79 (where
Mg# = Mg/(Mg+Fe) (e.g. [11,12]). Most of the
parental picrite melts are believed to have segre-
gated from their mantle source regions between
4.5 and 2.0 GPa and at potential temperatures
up to 1600³C [11,12]. Rare high-Mg# olivine phe-

Fig. 1. Variation of SiO2 and FeO* (total Fe) in Archean to
Recent igneous rocks with s 12 wt% MgO. Symbols are as
follows: (a) Phanerozoic and Proterozoic: (black circles) fer-
ropicrites (Paranä-Etendeka, Siberia, East Greenland, Deccan
and Pechenga); (grey circles) Skye; and (white triangles) ko-
matiites and picrites (Gorgona, Hawaii, West Greenland and
Deccan). (b) Al-undepleted komatiites, (white triangles) Mun-
ro Township, Kambalda, Wawa, Belingwe and Lumby Lake;
(grey triangles) Al-depleted komatiites, Onverwacht (Thee-
spruit and Komati Fms); (black circles) Ferropicrites/ferro-
komatiites, Onverwacht (Sandspruit and Schapenburg Fms),
Wawa, Lake of the Enemy, Boston Township, Steep Rock,
Lumby Lake and Kolar. Data sources are given in [7] with
additional analyses from [1,13,18,19,30,31,47^59].
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Fig. 2. Variation of Mg# with selected major and trace element abundances in Archean to Recent igneous rocks containing s 12
wt% MgO. Mg# = Mg/(Mg+Fe2�) and Fe2� = 0.9UFetotal as discussed in the text. Symbols for Phanerozoic and Proterozoic
rocks are: (white triangles) Hawaii, West Greenland and Deccan; (black triangles) Gorgona; (grey triangles) Karoo; (grey circles)
Skye; (black circles) Paranä-Etendeka, Deccan, Siberia, East Greenland and Pechenga; (black diamonds) Iceland and South At-
lantic MORB. Symbols for Archean rocks are: (white triangles) Munro Township, Kambalda, Wawa, Belingwe and Lumby
Lake; (grey triangles) Onverwacht (Theespruit and Komati Fms); (black circles) Onverwacht (Sandspruit and Schapenburg Fms),
Wawa, Lake of the Enemy, Boston Township, Steep Rock, Lumby Lake and Kolar. Vertical shaded regions illustrate the esti-
mated Mg# of parental melts for picrites and komatiites. Vectors illustrate the e¡ects of olivine fractionation. Data sources are
the same as Fig. 1.
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nocrysts (up to 93.5) in Phanerozoic picrites from
Ba¤n Island, West Greenland, Gorgona (Colum-
bia) and the Paranä-Etendeka CFB, may be evi-
dence of even higher mantle potential tempera-
tures (1700³C) and greater depths (6 GPa) of
adiabatic decompression melting in non-Newto-

nian mantle plumes [13]. Additionally, anhydrous,
mildly to sub-alkaline picrites with anomalously
high FeO* (s 12.5 wt%), low Al2O3 and high
[La/Sm]n (1.5^3) and [Gd/Yb]n ratios (2^3.5;
Figs. 1^3) may be evidence of compositionally
heterogeneous Phanerozoic mantle plumes [7].

2.1. Phanerozoic and Proterozoic ferropicrites

The term `ferropicrite' was ¢rst used by Hanski
and Smolkin [14] to describe Early Proterozoic
high-FeO* (14.8^18 wt%) picrites from Pechenga,
NW Russia. More recently their occurrence has
been noted near the base of several Phanerozoic
CFB successions ([7] ; Fig. 4). Examples include:
(i) Tertiary East Greenland Lower Basalts (Mikis
Fm [15]); (ii) the Early Cretaceous Paranä-Eten-
deka CFB (Awahab Fm [7]) ; and (iii) the Permo^
Triassic Siberia CFB (Gudchikhinsky Fm [16,17]).
Picrites and basalts higher up in these successions
lack the anomalously high-Fe contents. Fe-rich
picrites are also present in the Deccan CFB in
the Poladpur and Thakurvadi Formations [18,19].

The major element geochemistry of the ferropi-
crites is dominated by high-pressure (V0.9 GPa)
crystallisation of olivine, clinopyroxene and pla-
gioclase feldspar [7,14]. Trace element ratios (e.g.
[La/Nb]n V1) and radiogenic isotopes (ONd usu-
ally s 0; Fig. 5) of many ferropicrites are similar
to those of OIB (ocean^island basalts) and indi-
cate that most of the parental magmas have only
undergone limited crustal contamination. The an-
hydrous mineral assemblage of the unaltered fer-
ropicrites, combined with relatively low alkali
contents and LREE ratios (e.g. [La/Sm]n = 1.5^3;
Fig. 3) preclude signi¢cant melt contributions
from metasomatised lithospheric mantle.

2.1.1. Estimation of parental ferropicrite melt
compositions

Fresh olivine phenocrysts have been observed
in ferropicrites from East Greenland [14], Para-
nä-Etendeka [7] and Pechenga [14]. These are
characterised by low Mg# (6 0.86) relative to
olivine phenocrysts from other picrite and ko-
matiite suites (Fig. 5). Despite this, the ferropi-
crite olivines have high NiO (up to 0.6 wt%)
and Cr2O3 contents (up to 0.1 wt%, Fig. 6). These

Fig. 3. Variation of chondrite-normalised REE ratios in Ar-
chean to Recent high-Mg igneous rocks. Vectors indicate the
control of garnet and clinopyroxene in the melt source re-
gion. Bulk-Earth values of [La/Sm]n and [Gd/Yb]n are shown
for reference. Data sources are given in Fig. 1. Symbols for
Phanerozoic and Proterozoic rocks are: (grey triangles) Ha-
waii ; (white triangles) West Greenland; (black triangles)
Gorgona; (grey circles) Skye; (black circles) Paranä-Etende-
ka; (grey diamonds) Siberia; (white circles) East Greenland;
(black diamonds) Iceland and South Atlantic MORB. Sym-
bols for Archean rocks are: (white triangles) Munro Town-
ship, Kambalda, Wawa, Belingwe and Lumby Lake; (grey
triangles) Onverwacht (Theespruit and Komati Fms); (black
circles) Onverwacht (Sandspruit and Schapenburg Fms);
(black triangles) Wawa; (grey diamonds) Lake of the Ene-
my; (white circles) Boston Township, Steep Rock and Lum-
by Lake.
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are comparable to those of olivine phenocrysts in
picrites from CFB provinces and ocean islands.
Using KD

Olÿliquid
Ni and KD

Olÿliquid
Cr values of 6.4

and 0.6, respectively [20,21], the ferropicrite oli-
vines (Fo86) are estimated to have equilibrated
with melts containing V680 ppm Ni and
V1140 ppm Cr.

In order to calculate the Mg# of the parental
ferropicrite melt it is necessary to estimate the
Fe2O3/FeO ratio. This is usually assumed to be
a ratio of 0.1 but it is clearly important to justify
this for rocks with anomalously high FeO*. The
oxygen fugacity of the ferropicrite magma has
been estimated on the basis of Mg2�and Fe2� ex-
change between co-existing olivines and spinels
[22]. Since Mg/Fe ratios are a¡ected by hydro-
thermal alteration, it has only been possible to
estimate vlog fO2 values for the Paranä-Etendeka
ferropicrites. These fall between the fayalite^mag-
netite^quartz (FMQ) and iron^wustite bu¡ers and
range from 31.36 to 34 vlog fO2 units below

FMQ. These estimates are consistent with those
predicted from the Cr2O3 contents (0.06 þ 0.026
wt%) of ferropicrite olivine phenocrysts (Fig. 7).
The lowest estimates of temperature and fO2 val-
ues on Fig. 7 probably re£ect cationic di¡usion of
Mg and Fe during cooling. In this study it is
assumed that the spinel^olivine pair with the high-
est calculated vfO2 has undergone the least sub-
solidus re-equilibration; the Fe2O3/FeO ratio esti-
mated for the ferropicrites will therefore be a min-
imum value. Using the empirical expression of
Kilinc et al. [23] with the revised coe¤cients of
Holloway et al. [24], and the highest calculated
olivine^spinel equilibration temperature and fO2,
the estimated Fe2O3/FeO ratio of the ferropicrite
magma ranges from 0.1 to 0.08. Using an Fe2O3/
FeO ratio of 0.1 and a KD

Olÿliquid
FeÿMg of 0.32 [25], the

estimated Mg# of the Paranä-Etendeka ferropi-
crite parental melt is V0.66. This closely corre-
sponds with the bulk-rock Mg# of the Paranä-
Etendeka ferropicrites and also some of the East

Fig. 4. Stratigraphic location of high-Fe magnesian rocks in Archean to Recent large igneous provinces. Note the occurrence of
the high-Fe picrites/komatiites at or near the base of the successions and also their relatively low volume of the total magmatism.
Stratigraphic successions are modi¢ed from [17,31,61^63].
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Greenland and Pechenga samples (Table 1).
Others, with higher Mg# and Ni contents, may
have accumulated olivine phenocrysts. Fig. 8
shows that some of the Pechenga and Siberia fer-
ropicrites may have accumulated up to V15%

olivine (Fo86) but this has not a¡ected their
bulk-rock FeO contents.

3. Archean high-Mg melts

Con¢rmation that Archean komatiites have an
origin associated with mantle plumes is provided
by their high 3He/4He ratios (up to 39 R/Ra [26]).
Nevertheless, the origin of their parental melts
remains controversial. Fundamental di¡erences
are thought to exist in the melt generation histo-
ries of so-called `Al-depleted' and `Al-undepleted'
komatiites. Herzberg [27] and Nisbet et al. [3]
proposed that the Al-depleted komatiites, which
predominantly occur in 3.4 Ga igneous succes-
sions (e.g. Onverwacht Group, South Africa and
Pilbara, Australia), were generated at higher man-

Fig. 5. Variation of Sm/Nd ratios with ONd values in Arche-
an to Recent high-Mg igneous rocks. Bulk-Earth, MORB
and ancient lithosphere are shown for comparison. Note that
almost all of the high-Fe magmas are characterised by rela-
tively low Sm/Nd ratios and positive ONd values. The vertical
bars indicate Sm/Nd ratios in liquids produced by 1^20%
partial batch melting of depleted and primitive mantle in
which Sm/Nd = 0.37 and 0.32, respectively [60]. The low Sm/
Nd ratios of the high-Fe picrites and komatiites require, de-
spite their depleted isotopic ratios, that a melt source region
more enriched in light REE than depleted mantle contributed
to their genesis. Data for high-Mg igneous rocks are from
references provided in Fig. 1 and symbols are the same as
for Fig. 2.

Fig. 6. Variation of Mg# with Cr2O3 and NiO in olivines
from high-Mg igneous rocks. The high Cr2O3 contents of
komatiite olivines are believed to be due to high crystallisa-
tion temperatures rather than unusually low fO2 conditions
[64]. Crystal fractionation of olivine causes a decrease in
both Mg# and NiO and therefore cannot be responsible for
the relatively low Mg# but high NiO of the ferropicrite oli-
vines. Data are from Table 1, the author's unpublished data
set and [7,65^70].
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tle potential temperatures and pressures than `Al-
undepleted' komatiites which dominate 2.7 Ga se-
quences (e.g. Munro Township, Canada and Be-
lingwe Belt, Zimbabwe). Other workers have sug-
gested that the variations in Al2O3 contents may
also result from source heterogeneity, e.g. [28].

The highly magnesian olivines present in both
Al-depleted and Al-undepleted komatiites
(Mg# = up to 0.94) require that they were in equi-
librium with liquids containing very high-MgO
contents (V29 wt% [3]). Similarly, estimates of
Mg# for Archean mantle melts are considerably
higher (V0.84) than those for Proterozoic and
Phanerozoic melts (0.75^0.79). This secular varia-
tion in MgO has been interpreted by some as
evidence for anhydrous melting at signi¢cantly
higher mantle potential temperatures (up to
1900³C) in the Archean [3,27]. Others have in-
voked that these high-MgO liquids may be pro-
duced by hydrous melting of fertile lherzolite but,

there is currently no compelling published evi-
dence that signi¢cant quantities of H2O existed
in komatiite melt source regions (see discussion
in [6]).

3.1. Archean ferropicrites/ferrokomatiites

In addition to the Al-undepleted and Al-de-
pleted variants of komatiites, there also appears

Fig. 7. Estimates of oxygen fugacity (fO2) and temperature
from microprobe analyses of olivine^spinel pairs in Paranä-
Etendeka ferropicrites (Table 1). Oxygen fugacities and tem-
peratures were calculated using the method of [21]. SiO2 ac-
tivities were estimated from [71] and vlog FMQ values were
calculated using the equation of [72]. Isopleths for Cr2O3

contents in olivine are also shown [64]. The calculated oxy-
gen fugacities and temperatures are consistent with Cr con-
tents that reach up to 0.1 wt% in ferropicrite olivines (Table
1). Temperatures and oxygen fugacities calculated for oli-
vine^spinel pairs from Kilauea (white circles; Table 1, [73])
and Mauna Loa (grey circles; Table 1, [69]) are also shown.
The similar higher vfO2 values for glasses and rocks from
Kilauea and Loihi, relative to estimates from olivine^spinel
pairs, illustrate the e¡ects of cationic di¡usion during chro-
mite re-equilibration [73].

Fig. 8. Variation of MgO and FeO in Archean to Recent
high-Fe magnesian magmas. Picrites from Hawaii and ko-
matiites from Belingwe are shown for comparison. The
dashed lines illustrate the composition of melts in equilibri-
um with Fo86 and Fo90 assuming 0.1% Fe2O3 (see text for
discussion). A liquid in equilibrium with Foxx (where xx is
the forsterite content) should plot at the intersection of the
Foxx dashed line and the corresponding olivine control line.
The observed olivine control line in the ferropicrites shows
that some of the rocks may have accumulated up to V15%
of Fo86. A similar control line has been plotted for the Ar-
chean samples; this is for comparative purposes only as there
are no reported occurrences of fresh olivine in these rocks.
Data sources are the same as Fig. 1.
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to be another distinct variety that is Al-depleted
and rich in FeO* (ferrokomatiites). The occur-
rence of high-Fe basaltic komatiites was ¢rst
noted in the Vermillion Belt of Minnesota [29].
Other examples occur at the base of the 3.4 Ga
Onverwacht Group (Sandspruit and Schapenburg
Fms) and the 3.0 Ga Steep Rock Group (Dismal
Ashrock Fm). They are also present in 3.0 to 2.7
Ga komatiite successions in: the Steep Rock,
Wawa and Abitibi Belts in the Superior Province
(Canada); the Kolar Schist Belt (India) and the
Forrestania Belt (Australia). These rocks are dis-
tinguished from other Al-depleted komatiites (e.g.
Komati and Theespruit Fms, Onverwacht
Group), by their very high contents of FeO* (up
to 20 wt%; Fig. 1) and TiO2 (up to 3.5 wt%),
fractionated HREE ([Gd/Yb]n = 1.7^3) and rela-
tively high LREE ratios ([La/Sm]n = 1^2.5; Fig.
3). Linear variations between bulk-rock MgO
and FeO (Fig. 8) suggest that the composition
of the high-Fe picrites/komatiites is controlled
by the accumulation of olivine which is consider-
ably more Fe-rich (6Fo90) than that in komati-
ites. In many respects, the compositional varia-
tions exhibited by the Archean high-Fe
magnesian melts are similar to those of the Pro-
terozoic and Phanerozoic ferropicrites described
above.

Interpretations of the petrogenesis of these Ar-
chean high-Fe magnesian rocks are enigmatic, pri-
marily because all reported occurrences have
undergone greenschist- or amphibolite-facies
metamorphism. Most of the high-Fe picrites/ko-
matiites have positive ONd values (up to +6, Fig.
5). These positive values, together with low La/Nb
ratios, suggest that the bulk-rock compositions of
the high-Fe magnesian magmas are relatively un-
a¡ected by crustal contamination. Their incom-
patible trace element ratios are therefore assumed
to be a consequence of partial melting of their
mantle source region(s). The 2.7 Ga Abitibi Belt
(Boston Township) and 3.0 Ga Steep Rock Belt
high-Fe picrites/komatiites have attracted atten-
tion because of their exceptionally high CaO/
Al2O3 and strongly fractionated HREE ratios
(Fig. 9). Both of these element ratios are increased
if garnet is present as a residual phase during

melting and the high-Fe melts have been variably
interpreted as:

1. Ultra-high-pressure melts (s 14 GPa) of fertile
lherzolite in super-hot plumes [4,30,31] ;

2. Melts of a recycled subduction-related compo-
nent entrained within a mantle plume [32].

3. The products of melting of `solidi¢ed komati-
ite' at 4 GPa that had initially been generated
by partial melting of fertile peridotite at high
pressures (V10 GPa [33]).

Fig. 9 shows that there is a large variation in
CaO/Al2O3 ratios in world-wide Archean high-Fe
magnesian magmas (0.3 to s 2). In contrast, Phan-
erozoic ferropicrite CaO/Al2O3 ratios are almost
constant (average = 0.85, 1c= 0.15), and slightly
lower than estimates for primitive mantle (aver-
age = 0.93 [4]). Those with high CaO/Al2O3 also
have high loss-on-ignition values. The large var-
iations in CaO/Al2O3 ratios at a given [Gd/Yb]n
ratio (Fig. 9), and also wide range of [La/Sm]n,
exhibited by the Archean high-Fe picrites/komati-
ites, suggest that their CaO/Al2O3 ratios do not
simply re£ect the amount of residual garnet in the
mantle source region. The wide variation in CaO/
Al2O3 ratios in the komatiites is predominantly
due to the mobility of CaO during alteration
and is not a useful ratio in assessing melting pro-
cesses.

4. Generation of high-Fe mantle melts

Similarities in bulk-rock compositions of Ar-
chean, Proterozoic and Phanerozoic high-Fe mag-
nesian magmas (Figs. 1, 2 and 5) imply that their
parental melts were generated from comparable
melting regimes. At a given SiO2 content, the
average FeO* content of these samples is s 3
wt% more than OIB and s 6 wt% higher than
MORB, (Fig. 1). These and other variations in
elemental concentrations between the high-Fe
magnesian magmas and picrites/komatiites cannot
be readily explained by crystal fractionation.
They require that their primary melts were gener-
ated by either : (i) di¡erent degrees of partial melt-

EPSL 6064 22-1-02

S.A. Gibson / Earth and Planetary Science Letters 195 (2002) 59^74 67



ing and/or (ii) from di¡erent mantle source re-
gions.

4.1. Hydrous or anhydrous melts?

Hanski and Smolkin [34] have proposed that
the Early Proterozoic Pechenga ferropicrites crys-
tallised from hydrous magmas. Their interpreta-
tion is based on the presence of kaersutite, which
occurs both as reaction rims around spinifex py-
roxenes, and also as an interstitial phase (together
with phlogopite) in a chloritic mesostasis. Unlike

the Pechenga rocks, the Early Cretaceous Paranä-
Etendeka and Tertiary East Greenland ferropi-
crites have not undergone hydrothermal alteration
or greenschist-facies metamorphism and there is
no uncertainty regarding the primary origin of
their constituent mineral phases. There is no pet-
rographic or geochemical evidence to indicate that
the Phanerozoic ferropicrites were derived from
`wet' magmas; they do not contain hydrous phe-
nocrysts and some have very low loss-on-ignition
values (6 0.5 wt%). Paradoxically, the Proterozo-
ic and Phanerozoic ferropicrites have almost iden-
tical bulk-rock compositions (Table 1). The only
elements that exhibit variations between these two
suites are those which are notoriously susceptible
to hydrothermal alteration, e.g. CaO, Sr, Ba, Rb
and K. Since experimental melts of hydrous peri-
dotite are characterised by low FeO* contents,
relative to dry equivalent melts at the same pres-
sure [35], it seems unlikely that the high-Fe con-
tent of the high-Fe magnesian melts are due to
melting of a `wet' mantle source. In cases where
hydrous phases have been observed [34,36] the
parental magmas may have interacted with water
prior to, or during, crystal fractionation.

4.2. Eclogite and/or peridotite mantle source?

It has long been recognised that the MgO and
FeO contents of mantle melts increase as the pres-
sure at which the upwelling peridotite intersects
the solidus increases. Dynamic melting models
have therefore been proposed to account for var-
iations of FeO in individual suites of mantle-de-
rived melts [37]. High-pressure melting of a peri-
dotite source can not, however, explain the high
TiO2 contents of the high-Fe magnesian melts
(Fig. 2). An alternative way of generating FeO-
rich melts is by partial melting of a pyroxene-rich
(e.g. eclogite or websterite) mantle source. This
material may be present in the convecting mantle
in signi¢cant amounts as (i) subducted oceanic
crust and/or (ii) recycled Fe-rich ma¢c residues
that formed during growth of granitic crust. Evi-
dence for the presence of subducted oceanic litho-
sphere in the lower mantle is provided by high-
resolution seismic tomography studies (e.g. [38]).
Accumulation of this material at the core mantle

Fig. 9. Variation of CaO/Al2O3 and [Gd/Yb]n in Archean to
Recent high-Mg igneous rocks. The average CaO/Al2O3 and
[Gd/Yb]n ratios of primitive mantle are shown for compari-
son [4,58]. Data sources are the same as Fig. 1 and symbols
are the same as Fig. 2.
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boundary and subsequent entrainment by mantle
plumes may explain the isotopic and trace element
variations in OIBs. Nevertheless, it is unclear as
to how much this recycled oceanic and/or conti-
nental crust contributes to the major element het-
erogeneity of plume-derived melts.

The solidus temperatures of recycled oceanic
crust would be lower than those of the surround-
ing peridotite whereas recycled Fe-rich ma¢c cu-
mulates would melt at similar or higher temper-
atures than the peridotite. These di¡erences would
in£uence the timing of the emplacement and erup-
tion of the Fe-rich melts. Since the high-Fe melts
predominantly occur at the base of volcanic suc-
cessions, it is assumed that they are generated
from a source with a low melting temperature rel-
ative to the surrounding peridotite, i.e. recycled
oceanic crust.

Using the results of new experimental studies,
Cordery et al. [39] and Takahashi et al. [40] sug-
gested that CFB's may result from partial melting
of eclogite streaks in upwelling mantle plumes.
The results of these experimental studies show
that eclogite partial melts are rich in SiO2, Al2O3,
FeO and Na2O. Nevertheless, they have relatively
low MgO contents and melting of such a mantle
source, alone, could not generate the high-Fe pic-
rite/komatiite parental melts. Furthermore, the
high Ni contents of the high-Fe magnesian melts
require that they were derived, at least in part,
from a peridotite mantle source. One explanation
for their unusually high-Fe contents is that they
are partial melts of hybrid basalt^peridotite bulk-
rock compositions.

Yaxley and Green [41] undertook a series of
experiments on peridotite/eclogite mixtures. They
found that at 3.5 GPa and V1300³C, the eclogite
melts and reacts with olivine in the surrounding
peridotite to form orthopyroxene and garnet.
Further melting of the residual eclogite produces
andesitic partial melts that react with the sur-
rounding peridotite and enrich it in garnet and
clinopyroxene. Melting of this `re-fertilised' peri-
dotite produces picritic liquids whose major ele-
ment concentrations are controlled by the degree
of partial melting and the modi¢ed bulk-rock
composition. This anhydrous `re-fertilised' perido-
tite is relatively Fe-rich and the preferred melt

source region for the high-Fe picrites/komatiites.
Small-fraction melts of the re-fertilised peridotite
are Ne-normative but become Hy-normative at
higher melt fractions and lower pressures [41].
At a given degree of partial melting, melts derived
from this Fe-rich peridotite mantle source will
have higher [Gd/Yb]n and [La/Sm]n ratios than
those from `normal' peridotite due to the higher
proportions of garnet and clinopyroxene in the
former.

4.3. Depth and extent of melting

The depth at which the mantle solidus is en-
countered depends on both composition and tem-
perature [9]. The extent of subsequent adiabatic
decompression melting is predominantly con-
trolled by the thickness of the overlying litho-
sphere [10], which provides a physical barrier to
mantle upwelling. The high [Gd/Yb]n ratios and
low Al2O3 contents of the high-Fe picrites/ko-
matiites are consistent with high-pressure melting
and the presence of residual garnet in their melt
source regions.

Fig. 10 shows the solidus curves for eclogite
[43], fertile peridotite [44] and Fe-rich `re-fertil-
ised' peridotite. The latter is believed to be
V50³C below the solidus of fertile peridotite at
a given pressure [41,42,45]. At the potential tem-
peratures (Tps) estimated for Phanerozoic mantle
plumes (1450 to 1600³C), the eclogite solidus will
be intersected at pressures s 6.2 GPa. Ephemeral
eclogite-derived melts will react with the sur-
rounding peridotite and enrich it in Fe, Na and
incompatible trace elements [45]. Subsequent
adiabatic decompression melting will continue un-
til the eclogite source is exhausted; `streaks' of
this recycled oceanic crust are believed to have
thicknesses of metres to kilometres [46] and may
be completely melted before the upwelling mantle
encounters the base of the overlying lithosphere.
During plume upwelling, the solidus of the `re-
fertilised' peridotite will be intersected at s 4.5
GPa (Fig. 10) and Fe-rich picritic melts will be
generated. The aggregate melt fractions that result
from subsequent adiabatic decompression melting
will have higher FeO contents than those pre-
dicted by the experimental studies of Yaxley and
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Green [41], which are isobaric batch melts. Fur-
thermore, the initial melts will be generated at
higher pressures than those used in the experi-
ments (3.5 GPa) and this may account for the
lower contents of Al2O3 in the ferropicrites rela-
tive to hybrid basalt^peridotite melts (Ga1M-
PY90; Table 1). The degree of interaction of eclo-
gitic melts with the surrounding mantle depends
on the processes involved in melt migration and
extraction, which are poorly understood. At Tps

of 1600³C and 1450³C anhydrous fertile peridotite
will begin melting at 5.7 and 3.5 GPa, respec-
tively. Melts derived from this source will dilute
the e¡ects of the eclogite heterogeneities, espe-
cially if the overlying lithosphere is relatively
thin (6 100 km) and allows a large amount of
adiabatic decompression melting.

Following the initial impact of a mantle plume
starting-head, melts are generated at progressively
shallower depths with much of the melting occur-
ring between 4 and 1.5 GPa. If the model outlined
above is correct, then melts predominantly de-

rived from the `re-fertilised' peridotite will be gen-
erated at the leading edge or margins of the plume
starting-head where the temperatures are rela-
tively low. This is consistent with the occurrence
of high-Fe magnesian rocks near the base of CFB
successions. High degrees of partial melting, asso-
ciated with higher mantle potential temperatures
within the core of the upwelling mantle plume
(Fig. 11), will overprint the signatures of melts
derived from the `re-fertilised' mantle.

The temperatures of Archean mantle plumes
are believed to have been V200³C hotter than
those in the Phanerozoic [3^5]. Initial melting of
recycled oceanic crust entrained within Archean
mantle plumes would therefore occur at much
higher pressures (Fig. 11) and generate melts
that were more depleted in Al2O3 (Fig. 2). The
apparent absence of anhydrous Fe-rich magnesian
melts in Phanerozoic OIB and MORB settings
may be due to the large melting interval between
the peridotite solidus and base of the lithosphere.
This would enable considerable dilution of high-
Fe `re-fertilised' mantle-derived melts by large-
fraction peridotite-derived melts.

5. Conclusions

Archean to Recent anhydrous high-Mg melts
display a wide variation in bulk-rock FeO* at a
given MgO content. Evidence that the high-Fe
magnesian melts were generated by processes
linked with mantle starting-plumes is provided
by: (i) their spatial and temporal association
with large igneous provinces ; and (ii) the high
mantle potential temperatures that are inferred
from their bulk-rock compositions [7]. The occur-
rence of high-Fe magnesian magmas near the base
of voluminous igneous successions (Fig. 4) implies
that their parental melts were generated by melt-
ing of fusible material at the leading edge or mar-
gins of a mantle plume (Fig. 11). Low Al2O3 con-
tents and high [Gd/Yb]n ratios suggest that the
high-Fe melts were generated at either (i) higher
pressures and/or (ii) from more garnetiferous
source regions than temporally and spatially asso-
ciated picrites and komatiites. This relationship is
most readily explained by melting of recycled oce-

Fig. 10. P^T plot showing solidi for anhydrous fertile perido-
tite [44], `re-fertilised' peridotite [41], and eclogite [43]. Man-
tle adiabats for Tps of Phanerozoic ambient mantle (1280³C)
and mantle plumes (1450^1600³C) and a representative me-
chanical boundary layer thickness for the continental litho-
sphere are also shown.
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anic crust in an upwelling mantle plume. These
eclogite `streaks' would have lower solidi than
the surrounding peridotite, enabling them to pref-
erentially melt and react with their host. Subse-
quent melting of this `re-fertilised' peridotite
would occur at V50³C below the `normal' peri-
dotite solidus and would be most easily identi¢ed
at low-melt fractions. Progressive melting during

upwelling of the mantle plume would generate
melts from `normal' peridotite. In regions of rel-
atively thin lithosphere (6 100 km), relatively
large-fraction melts may dilute the signature of
melts derived from the `re-fertilised' mantle
source. The greater degrees of partial melting,
that are inferred from the high-MgO combined
with low Al2O3 and high [Gd/Yb]n ratios of

Fig. 11. Schematic illustrations to show the simpli¢ed thermal and compositional structure of (a) Archean, and (b) Proterozoic
and Phanerozoic mantle plume starting-heads. Isotherms are labelled with potential temperature in degrees Celsius. The earliest
melts to form are the high-Fe picrites/komatiites. These are derived from Fe-rich (`re-fertilised') peridotite `streaks' at the leading
edge and margins of the starting-plume-head. Subsequent melts are generated by larger degrees of partial melting at higher man-
tle potential temperatures. The eclogite solidus is from [43].
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some 3.5 to 2.7 Ga high-Fe magnesian melts, are
consistent with the higher potential temperatures
that have been postulated for Archean mantle
plumes (e.g. [5]).

The above conclusions concur with previous
models that propose: (i) a secular decrease in
mantle potential temperatures since the Archean
[3,5,42] and (ii) heterogeneity in the mantle source
regions of komatiites and picrites [7,28]. The pres-
ence of Fe-rich high-Mg rocks ranging from 3.5
Ga to 60 Ma in age (Table 1) does not, however,
agree with models that invoke a marked decrease
in the Fe content of the Earth's mantle since the
Archean [8].
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