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Abstract

Experimental melting studies indicate that secular variations in the geochemistry of many komatiites were determined by
secular variations in the depth of melt segregation in plumes. Higher pressures stabilize garnet relative to olivine and pyroxenes,
resulting in komatiites with lower Al,Os, and higher CaO/Al,O; and Gd/Yb. The experimental work is consistent with the
following pressures of melt segregation: 3—4 GPa for Tertiary and Cretaceous picrites and komatiites; 5-7 GPa for most komatiites
with 2.7-Ga ages; and 9-14 GPa for komatiites with 3.5-Ga ages. Melting and melt segregation occurred deeper in the past
largely because the Earth was hotter, and komatiites are a thermometer of this secular cooling. Depth of melting is critically
dependent on internal plume temperature, and the geochemistry of most komatiites can be explained by plumes that were ~ 200°C
hotter than the secular cooling Earth model of F.M. Richter. Hot Archean plumes that were 300-400°C above ambient mantle
could have experienced melting in the transition zone and the top of the lower mantle. Geological evidence in support of hot
plumes is rare, but the best examples can be found in the 2.7-Ga komatiites from the Boston Township of Ontario and the 3.3-

Ga peridotite xenoliths from the Kaapvaal craton.

1. Introduction

There is a growing consensus that komatiites formed
in plumes rather than along spreading nidges (Fyfe,
1978; Jarvis and Campbell, 1983; Arndt, 1986; Camp-
bell et al., 1989; Miller et al., 1991; Storey et al., 1991;
Herzberg, 1992; Nisbet et al., 1993; Xie et al., 1993,
Abbott et al., 1994). Important questions involve the
thermal characteristics of these plumes compared to
ambient mantle, the depth of melting, the relationship
between komatiites and basalts, and how these factors
changed through time. High-pressure phase equilib-
rium studies are beginning to provide answers to these
questions because it is becoming evident that there
occurs considerable changes in the major-element geo-
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chemistry of liquids as a function of temperature and
pressure (Herzberg, 1992). Komatiites therefore pro-
vide arecord of the temperatures and pressures of melt-
ing and melt segregation.

This contribution is a progress report of experimental
work on the anhydrous phase equilibrium relations of
komatiite and peridotite that I have personally been
involved in at the Stony Brook High Pressure Labora-
tory (Herzberg et al., 1990; Herzberg, 1992, 1993a, b;
Zhang and Herzberg, 1994a, b; Herzberg and Zhang,
1995). These studies have stressed the importance of
evaluating the compositions of high-pressure liquids at
all points in the melting interval, from small melt frac-
tions on the solidus to large melt fractions near the
liquidus.
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The compositions of liquids on the solidus are dif-
ficult to determine experimentally at any pressure
(Herzberg, 1992; Hirose and Kushiro, 1993; Baker and
Stolper, 1994) in part because of difficulties in segre-
gating small melt fractions from a peridotite source,
and also because the liquids can be modified by quench
crystallization at the termination of an experiment.
Many of these difficulties have been avoided by adop-
tion of the ‘‘shotgun’’ experimental method (O’Hara,
1968) wherein liquid compositions on the solidus
[L+Ol+Opx +Cpx +Gt] have been bracketed by
examining the nature of the liquidus phase for a wide
range of komatiite compositions. The drawback is that
the shotgun method is labor-intensive and it is some-
what impractical for determining the concentrations of
incompatible elements such as Na,O at very low melt
fractions. But because most komatiites were formed by
melting in the 25-50% range, their Na,O contents are
fow ( ~0.5%). Indeed 98-99% of the geochemistry of
most komatiites can be represented in the system CaO-
MgO-FeO-Al,0,-Si0, (Herzberg, 1992), and the
shotgun method is ideally suited for understanding
komatiites in simplified analogue systems. The liquids
on the solidus reported here are based on experimental
data in the systems CaO-MgO-FeO-Al,0;-Si0,
(Bertka and Holloway, 1988) and CaO-MgO-A1,0;—
Si0, (Davis and Schairer, 1965; Presnall et al., 1979;
Fujii et al., 1989; Herzberg, 1992); these data have
been parameterized as a function of pressure, the com-
position of olivine in the source region and the degree
of partial melting (Herzberg, 1992). For liquids in the
2.3-10-GPa range, this technique has resulted in cal-
culated and observed liquid compositions that differ by
no more the following relative amounts: + 5% for SiO,,
Al,O, and MgO; and + 8% for FeO and CaO (Herz-
berg, 1992). Experiments completed at 5 GPa in the
system CaO-MgO-FeO-Fe®-Al,0,-8i0, (Herzberg,
1993b) yielded a liquid composition that is well within
the error of the parameterized 5-GPa solidus liquid.
Solidus liquids in the 10-14-GPa range are extrapo-
lated from these parameterizations, and those in the
14-18-GPa range are based on electron microprobe
work on experiments formed on peridotite KIL.B-1
(Herzberg et al., 1990; Herzberg and Zhang, 1995).
Although much more experimental work needs to be
done, the data that are currently available are permitting
the first quantitative estimates of depths of melting of
komatiites.

Experimental data have also been reported for nat-
urally-occurring komatiites (Wei et al., 1990; Tronnes
et al., 1992), but because the distinction between cli-
nopyroxene and orthopyroxene was not made, these
results cannot be used to constrain the CaO/ Al,O; for
liquids on the solidus, a parameter that is emphasized
throughout this paper. Experiments have also been
done on komatiite analogue compositions for the pur-
pose of evaluating the partitioning behavior of trace
elements between garnet and liquid (Kato et al., 1988;
Ohtani et al., 1989; Yurimoto and Ohtani, 1992), but
again the results do not provide information on the
major-element composition of liquids on the solidus.
This paper also does not include some new but unpub-
lished data on the melting of peridotite KLB-1 from
Japan (Shimazaki and Takahashi, 1993; E. Takahashi,
pers. commun., 1994), but readers should note that
there is now a great deal of consistency in the T-P
phase diagram emerging from Tokyo and the one pub-
lished by us (Fig. 1; Zhang and Herzberg, 1994a).

2. The MgO content of liquids in the melting
interval

The experimental data that have been acquired to 20-
GPa range demonstrate that the effect of pressure is to
increase the MgO content of liquids generated on the
anhydrous solidus, and basalts transform to picrites and
komatiites (O’Hara, 1968; O’Hara et al., 1975; Herz-
berg and O’Hara, 1985; Falloon and Green, 1988;
Herzberg, 1992; Langmuir et al., 1992). This is shown
in Fig. 1 together with the latest phase diagram for
anhydrous peridotite KI.LB-1 (Zhang and Herzberg,
1994a). The MgO contents on the solidus are based on
the CaO-MgO-FeO-AlL,0,-Si0, parameterization
discussed above (Herzberg, 1992), but with MgO
adjusted downward in order to facilitate a comparison
with basalts that contain ~ 1% Na,O. Although high-
pressure experimental data involving Na,O are sparse,
the parameterizations of Langmuir et al. (1992) indi-
cate that within the garnet stability field, an increase of
1 wt% Na,O will decrease MgO content by ~ 2%. Most
komatiites contain <0.5% Na,O, and this low amount
results from the dilution effect of fairly large degrees
of melting, typically 30-50% (Hanson and Langmuir,
1978; Herzberg, 1992).
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Fig. 1. The MgO content of liquids between the solidus and liquids
for a peridotite source with 39% MgO (by weight). Shaded region
represents komatiite liquids with MgO>18% and ~ 1% Na,O.
Basalts and picrites are stable at pressures <3-4 GPa; the MgO
content at 1 GPa is from Baker and Stolper (1994: ~ 3% Na,0).
The phase diagram is for anhydrous peridotite KLB-1 (Zhang and
Herzberg, 1994a). Symbols: Ol=olivine; Opx = orthopyroxene;
Cpx=clinopyroxene; Gt=garnet; AnhyB =anhydrous B;
Mw = magnesiowiistite; MgPr=magnesium silicate perovskite;
CaPuv = calcium silicate perovskite; a = olivine; B = modified spinel
(Mg Fe),Si0Oy; 7=spinel (Mg,Fe),510,. MgO at 15-18 GPa is too
high (Herzberg and Zhang, 1995).

The point behind considering sodium is to facilitate
a better understanding of the pressure at which liquids
on the solidus transform from basaltic to komatiitic.
Komatiites, as defined by liquids with > 18% MgO
that solidified to spinifex-textured rocks (Arndt and
Nisbet, 1982), should be stable on the solidus at pres-
sures between 3 and 4 GPa (Fig. 1), depending on
Na,O. This compares favorably with a 3.5-GPa exper-
imental determination of Falloon and Green ( 1988),
who reported a liquid with 19.99% MgQO and 1.31%
Na,O for the solidus assemblage [L +Ol+Opx
+ Cpx + Gt]. The parameterization of Langmuir et al.
(1992) indicates that liquids with 18% MgO will be
stable on the solidus at 3.0 GPa if Na,O is 1% and 4.0
GPa if Na,O is 2%. At 1 atm, a komatiite with 18%
MgO and 1% Na,O will be stable at temperatures that

are > 1400°C (Fig. 1; Beattie, 1993). Throughout
most T-P conditions of melting in the upper mantie
and transition zone, liquids generated by the partial
melting of mantle peridotite will be komatiitic. By com-
parison, basalts and picrites are confined to very low
pressures of melting and a 7--P stability field that is
restricted to the bounds shown in Fig. 1.

3. The AL O; content and CaO/Al,O, of liquids in
the melting interval

Pressure stabilizes garnet with respect to pyroxenes
and olivine (Herzberg, 1983; Zhang and Herzberg,
1994a, b). This is most obviously illustrated in the
phase diagram for mantle peridotite at 14 GPa where
the liquidus phase for KLB-1 changes from olivine to
garnet (Fig. 1 and Fig. 2). The solubility of garnet in
silicate liquids is therefore reduced, and this results in
high-pressure magmas that can have very low concen-
trations of AlLO,, comparable to many alumina-
depleted komatiites. In Fig. 2, it can be seen that AL, O,
drops from 13% at a pressure of 3 GPa to ~4% at 9
GPa. At greater pressures, the content of Al,O; in mag-
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Fig. 2. The Al,O; content of liquids between the solidus and liquidus

for a peridotite source with 4% Al,O, (by weight); 1-GPa datum is
from Baker and Stolper (1994).
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mas on the solidus can be lower than the Al,O; content
of fertile mantle peridotite, which is typically 4%. The
value shown at 18 GPa is 2%, but this is based on
preliminary electron microprobe work on KLB-1
experiments, and it is subject to a probable relative
uncertainty of +50% (Herzberg and Zhang, 1995).

The ratio CaO/ AL, O, is strongly dependent on pres-
sure because variations in the CaQO content of magmas
on the solidus are not as pronounced as those for Al,O,
(Herzberg, 1992). For liquids on the solidus
{L +Ol+Opx + Cpx +Gt], variations in CaO/Al,O,
are shown as the solidus line in Fig. 3a, and they can
be retrieved from the empirical equations:

Ca0 (W%) = 16.0811 — 2.0724P
+0.1322P2 - 0.0018P°
ALO;, (Wt%) =22.8581 ~4.0110P
+0.2703P% - 0.0061P°

where P is the pressure in GPa. At pressures in the 2.5—
6-GPa range where there exists the greatest amount of
experimental data, the ratio CaO/Al,O; seems to be
insensitive to variations in composition of the source
region and the degree of partial melting on the solidus
(see fig. 5 in Herzberg, 1992). But there are a number
of important factors that can affect it, and these are
summarized in Fig. 3a and b.

The parameter CaO/ Al,0; is buffered by the solidus
assemblage [L + Ol+ Opx+Cpx +Gt], and it is the
stability of clinopyroxene and garnet that is most
important in regulating it. When Cpx or Gt are con-
sumed by increased melting, CaO/Al,O; will be free
to change. In the 2.5-4-GPa pressure range, garnet will
be the first phase to melt, and the course of increased
melting will involve [L + Ol + Opx + Cpx] — [L
+ Ol + Opx} — [L + Ol] — {L]. The dissolving
of Cpx along the cotectic [L + Ol +Opx + Cpx] will
resuit in a liquid with reduced Al,O, and increased
Ca0/ Al,O5; these supersolidus liquids will plot to the
right of the solidus line in Fig. 3a. After all Cpx is
dissolved (i.e. [L+Ol+Opx] and [L+Ol]) the
parameter CaO/Al,O; will remain fairly constant and
similar to that for the peridotite source being melted,
that is the vertical line in Fig. 3a. Mantle peridotite
exhibits a range of values for CaQ/Al,0O, and Al,O;,
and these are summarized in the Appendix.
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Fig. 3. a. ALO; (Wt%) and CaO/Al,O, (by weight) for primary
magmas generated between the solidus and the liquidus (shaded
sail). Fertile and average mantle peridotite are from Stosch and Seck
(1980; 1b8) and Herzberg (1993a), respectively. Numbers refer to
pressures in GPa along the solidus.

b. Al,O4 (wt%) and CaO/ Al,O, (by weight) for derivative magmas
formed by olivine addition and subtraction of primary magmas.

In the 4-9-GPa range, progressive melting will
exhaust Cpx first, and involve [L + Ol + Opx + Gt]
- [L + Ol + Opx] = [L + OI] - [L]. The
dissolving of Gt along the cotectic [L+0OIl
+Opx+Gt] will change the liquid by increasing
slightly Al,0; and lowering substantially CaO/Al,Ox;
these supersolidus liquids will plot to the left of the
solidus line in Fig. 3a. When all Gt is dissolved, CaQ/
Al,O; for the liquid will remain fairly constant for the
assemblages [L +Ol+Opx], [L+Ol] and [L], sim-
ilar to the source. At pressures greater than ~9 GPa,
advanced melting will involve [L + Ol + Gt] because
orthopyroxene is no longer a crystallizing phase (Fig. 1
and Fig. 2), and the melting of garnet will continue to
reduce CaO/Al,0; in the liquid. Liquids will reflect
Ca0/ AL O; of the source when garnet is totally melted
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(i.e. [L+OIl]), or when melting is total. Primary mag-
mas that are generated on the solidus, at supersolidus
conditions, and on the liquidus will adopt the contents
of Al,O, and CaO/Al,O; that are shown by the *‘sail”’
in Fig. 3a.

The abundance of olivine cumulates in komatiite
flows demonstrates that primary komatiite magmas are
never preserved, and even spinifex-textured rocks may
be cumulates (Nisbet et al., 1993). But because olivine
contains such small amounts of CaO and Al,O;, these
derivative magmas will maintain the same CaO/AlLO;
as the primary magmas. A komatiite flow that has had
olivine added will have a lower value for Al,O,, and
residual liquids that have had olivine removed will have
higher Al,O5. These effects are shown in Fig. 3b.

4. The AlL,O; content and CaO/AL O, of plume
basalts, picrites and komatiites through time

4.1. Quaternary basalts from Hawaii

Hawaii is a modern plume for which there is the
greatest abundance of whole-rock data (e.g., Murata
and Richter, 1966; Wright, 1972), and values for Al,O,
and CaO/Al,O, contained in tholeiites and alkali
basalts are shown in Fig. 4a. The experimentally par-
ameterized values given in Fig. 3a have been extended
to 1 GPa with the experimental data of Baker and Stol-
per (1994) and 2 GPa with the data of Hirose and
Kushiro (1993) for KLB-1. Most Hawaiian tholeiites
and alkali basalts are from Kilauea, and they cluster at
~13% Al,0, and ~0.75 for CaO/Al,O;. This cluster
is similar to solidus liquids between 2 and 3 GPa, con-
sistent with the suggestion of Albarede (1992) that
most primary magmas from Kilauea segregated at 2-3
GPa, However, most actually plot somewhat to the left
of the solidus line. Since primary magmas can only plot
on or to the right of this line, it can be inferred that none
of the Hawaiian basalts are primary magmas.

The most obvious way to reduce CaO/Al,O, to the
left of the line is by fractionation of clinopyroxene
(Fig. 4a), although it is possible to explain it by a
source region that was inherently low in CaO/ALQ,
(see Appendix). Feigenson et al. (1983) modelled
clinopyroxene fractionation for the Hawaiian lavas by
using the reconstructed aluminous clinopyroxene com-
position 68 SAL-7 of Beeson and Jackson (1970). This
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Fig. 4. AL,O, (wt%) and CaO/ Al,O; (by weight) for: (a) Hawaiian
basalts; and (b) picrites and komatiites from Greenland and Gorgona
Island. The sail is from Fig. 3a, and numbers 1-14 represent the
pressures along the solidus in GPa. Rock compositions have
FeO = Fe total, and are normalized to 100% anhydrous.

is an appropriate pyroxene composition to use because
pyroxene geobarometry has demonstrated that it is of
a high-pressure origin (Herzberg, 1978; 2-3 GPa).
Removal of this clinopyroxene would be very success-
ful in explaining many of the more evolved alkali
basalts that radiate to higher Al,O; and lower CaO/
ALO;. The Hawaiian tholeiites and picrites with
Al,O; < 13% are related by olivine addition and sub-
traction ( Feigenson et al., 1983; Albarede, 1992), but
even the most primitive of these plot to the low-CaO/
Al O; side of the solidus line. Clinopyroxene removal
is again implied, possibly involving fractionation with
olivine along the cotectic [L +O1+Cpx] (e.g., Fei-
genson et al., 1983). Clague et al. (1991) reported
15% MgO in Hawaiian picritic glasses and recom-
mended a primary magma with 17% MgO; more recent
estimates for the primary Kilavean primary magma
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contain 16.8% MgO (Hirschmann and Ghiorso, 1994)
and 19.2% MgO (Albarede, 1992).

The importance of olivine fractionation has been
emphasized repeatedly (e.g., Murata and Richter,
1966; O’Hara, 1968; Wright, 1972; Irvine, 1979; Alba-
réde, 1992; Hirschmann and Ghiorso, 1994), and may
be the mechanism by which primary Hawaiian koma-
tiites have been substantially modified. Below it is sug-
gested that the lithosphere may have some influence on
whether komatiites erupt or fractionate to basalts.

4.2. Cretaceous and Tertiary komatiites and picrites
from Gorgona Island and West Greenland

The komatiites from Gorgona Island, which are Cre-
taceous in age (Kerr and Marriner, 1994), are thought
to have been a part of the Caribbean Plateau ( Storey et
al., 1991) formed by the Galapagos hot spot (Duncan
and Hargraves, 1984). Picrites of Tertiary age are
found in West Greenland (Holm et al., 1993) and East
Greenland (Fitton and Saunders, 1994), and are
thought to have formed from the Icelandic plume that
accompanied continental breakup. The West Green-
land picrites are similar to the Gorgona komatiites
(Echeverria, 1982; Aitken and Echeverria, 1984)
except that they are devoid of spinifex textures. West
Greenland picrites with MgO contents in the 20-30%
range have been reported (Holm et al., 1993), but these
are likely to be olivine cumulates.

The Gorgona komatiites and the Greenland picrites
are essentially indistinguishable from each other when
plotted in Fig. 4b. The essential observation is that they
cluster close to the solidus line between 3 and 4 GPa,
but there is a definite trend in Al,O; from 7% to 15%
at nearly constant CaO/Al,O; (0.85). The most simple
interpretation is that the picrites and komatiites were
generated at 3—4 GPa, and that the spectrum of ALO,
contents is an artifact of variable amounts of olivine
addition and subtraction. The degree of melting esti-
mated for the Gorgona komatiites was likely to have
been <30% (Herzberg, 1992). Unlike Hawaii, there
appear to have been no lithospheric effects which have
contributed to the fractionation of clinopyroxene, indi-
cating that these magmas erupted directly from the axis
of the plume.

4.3. Archean komatiites of 2.7-Ga age

The most common type of komatiite which is found
in all cratons of 2.7-Ga age is the Munro-type, a term
that is used here to refer to their alumina-undepleted
character (Nesbitt et al., 1979; Jahn et al., 1982; Gruau
et al., 1990). Some of the earliest detailed descriptions
were reported by Arndt et al. (1977) for komatiites in
the Munro Township of the Abitibi greenstone belt in
Canada, but Munro-type komatiites from the Belingwe
greenstone belt in Zimbabwe are particularly notewor-
thy because of their relatively unaltered state (Nisbet
etal.,, 1987).

The Munro-type komatiite data base shown in
Fig. 5a is from the compilation in Herzberg (1992;
references cited therein), and it reveals some of the
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Fig. 5. Al,O; (wt%) and Ca0/ Al,O; (by weight) for: (a) Munro-
type komatiites from all cratons; and (b) komatiites from the Newton
(closed triangles) and Boston Townships (open triangles) in
Canada. The sail is from Fig. 3a, and the numbers 3—14 represent
the pressures along the solidus in GPa. Rock compositions have
FeO=Fe total, and are normalized to 100% anhydrous.
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more essential geochemical characteristics. The alu-
mina-undepleted character refers to contents of Al,O;
that actually range from ~5% to 10%, and the ratio
Ca0/AlLO; is essentially identical to average mantle
peridotite (0.93). Some of these komatiites have Al,O;
and CaO/ Al, O, that are characteristic of solidus liquids
at 5 GPa, but inspection of Fig. 5a shows that these are
in the minority. Most Munro-type komatiites could not
have been liquids which formed on the solidus because
they plot well to the left of the CaO/ Al,0O4 solidus line
in Fig. 5a. Instead, they were most likely supersolidus
liquids which last equilibrated with a harzburgite resi-
due [L+OIl+O0px] (Herzberg, 1992). Liquids in
equilibrium with harzburgite will adopt a mantle-like
Gd/Yb (i.e. 1.0) and CaQ/ALO; (Gruau et al., 1990;
Herzberg, 1992). The ratio CaO/Al,O; can also be
lower than the solidus line because of alteration (see
below), but CaO mobility is unlikely to modify the
rare-earth elements (REE) which are incompatible
with garnet in the residue (Arth et al., 1977; Jahn et al.,
1980). Munro-type komatiites also have contents of
Si0, that vary from ~45% to ~ 50%, and thus is char-
acteristic of the dissolution of orthopyroxene that
occurs during advanced melting (Herzberg, 1992).
Although it is not obvious in Fig. 5a, some of the var-
iability in Al,O5 shown in Fig. 5ais also due to variable
amounts of olivine fractionation (Herzberg, 1992, fig.
11 therein). It has been estimated that most of these
komatiites formed by 30-40% partial melting of aver-
age mantle peridotite (Herzberg, 1992).

There is a small but important minority of komatiites
of 2.7-Ga age that have geochemical affinities with the
older 3.5-Ga alumina-depleted komatiites, and these
are from the Newton Township (Cattell and Arndt,
1987) and the Boston Township (Stone et al., 1987;
Xie et al., 1993; McCuaig et al., 1994) of Ontario in
Canada. These komatiites are characteristically higher
in CaO/AlLO; and Gd/Yb, and lower in Al,O, than
most Munro-type komatiites, and Fig. 5b illustrates
some of these properties. Komatiites from the Newton
Township plot on and above the solidus line, and these
can be most easily interpreted as being 6-7-GPa solidus
liquids which had experienced some olivine removal.
The Boston Township komatiites are even more unu-
sual in being very iran-rich (15-20% FeO; Stone et al.,
1987; Xie et al.. 1993) and having some of the lowest
Al,O; contents ever reported for a 2.7-Ga komatiite
(Fig. 5a and b). Most of the Boston Township koma-

tiites have Al,O; and CaO/Al,O; that plot above the
solidus line in Fig. 5b. These can be interpreted as 7—
12-GPasolidus liquids, and fractionation of olivine will
increase Al,O, to a certain extent, so that they plot
above the solidus line. But there is a very high degree
of scatter to the plots, indicating the probable involve-
ment of second-stage alteration. The most MgO-rich
Boston Township komatiites with the largest amount
of cumulus olivine also have the lowest CaO/Al,Os,
an observation that is common to the older Barberton
komatiites (Smith and Erlank, 1982; Herzberg, 1992;
Lécuyer et al., 1994). Herzberg (1992) and Lécuyer
etal. (1994) interpreted these lower CaO/Al,O, Bar-
berton data as resulting from CaO removal during met-
amorphic recrystallization, of which the more
MgO-rich samples are the most easily altered, and the
same may apply to the Boston Township komatiites.
However, it is readily evident from Fig. 5b that a low-
ering of CaO/Al,Oj resulting from alteration will give
rise to a pressure estimate that is too low. The Boston
Township komatiites appear to have recorded in their
geochemistry unusually high pressures of melting for
komatiites of their age (i.e. 10-14 GPa). This is con-
sistent with majorite garnet in the residue, as indicated
by the unusually high depletions in the heavy REE
(HREE) and high-field-strength elements (HFSE)
(Xie et al., 1993; McCuaig et al., 1994).

4.4. Archean komatiites of 3.5-Ga age

The most extensive 3.5-Ga data base is for komatiites
from the Barberton Mountain Land in South Africa,
but komatiites from the Pilbara Block in Australiashare
the same geochemical characteristics (Gruau et al.,
1987). The Barberton data base compiled in Herzberg
(1992) is used here, and supplemented by recent data
reported by Lécuyer et al. (1994). These are plotted in
Fig. 6 together with some of the younger komatiites
reported above. The aluminum-depleted character is
readily apparent and although there is a spread of values
for CaO/ Al,Os5, most of them cluster at 1.5-2.0, close
to the solidus line at 9-10 GPa. The most simple inter-
pretation is that they were generated as high-pressure
solidus-like liquids, and samples that plot below and
above the line were liquids that experienced variable
amounts of olivine addition and subtraction. Barberton
komatiites are also depleted in the HREE, and their
high Gd/Yb distinguishes them from younger koma-
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Fig. 6. ALLO; (wt%) and CaO/Al,O, (by weight) for komatiites of
all ages. The s«il is from Fig. 3a, and the numbers 3—14 represent
the pressures along the solidus in GPa. Rock compositions have
FeO=Fe total, and are normalized to 100% anhydrous. Cir-
cles = picrites from Greenland and komatiites from Gorgona [sland
(Fig. 4b); triangles =Newton Township komatiites (Fig. 5b);
squares = Barberton komatiites.

tiites (Jahn et al.,, 1982; Gruau et al., 1990). These
essential features, high CaO/Al,O, with high Gd/Yb,
have been recognized as a garnet signature since they
were first discovered (Nesbitt and Sun, 1976; Sun and
Nesbitt, 1978; Nesbitt et al., 1979). These komatiites
have the major-and trace-element geochemical char-
acteristics of solidus-like liquids that were last in equi-
librium with the assemblage [L+Ol+Gt+ Cpx]
(Herzberg, 1992), and garnet played arole as aresidual
phase during the time of melting rather than a cumulate
phase during an earlier magma ocean event (Gruau et
al., 1990; Herzberg, 1992).

Unlike the younger komatiites, the Barberton sam-
ples have a fairly large spread in CaO/Al,O5. As dis-
cussed above in connection with the Boston Township
komatiites, those samples with the lowest CaO/Al,O,
are invariably samples with the highest amount of
cumulate olivine {Herzberg, 1992; Lécuyer et al.,
1994), and are likely to be low because of CaO loss
during alteration. If the system was somewhat closed
during alteration, it is possible that CaQO lost was gained
elsewhere, and this could explain Barberton komatiites
with ratios of CaO/ALO; in the 2.0-2.7 range. Alter-
natively, these high ratios could be an unaltered igneous
signature, indicating depths of melt segregation in the
9-14-GParange.

5. Secular variations in the pressure of melt
segregation

There is a very distinctive relationship between the
age of komatiite formation and their major-element
geochemistry, and this can be tied to the pressure at
which these magmas segregated as shown in Fig. 6.
Cretaceous age komatiites record a 3—4-GPa signature,
most late Archean komatiites of 2.7-GPa age record 5—
7 GPa, and early Archean komatiites are the deepest
with recorded pressures of 9-14 GPa. This scenario is
very similar to the one proposed by Arndt and Lesher
(1992) based on the phase equilibrium relations that
were available at that time ( Takahashi, 1986; Herzberg
etal., 1990; Wei et al., 1990) The depth of melting and
melt segregation is critically dependent on temperature,
and this is examined next.

6. Thermal properties of plumes through time

The pressures recorded by komatiites in Fig. 6 and
the phase diagram for mantle peridotite in Fig. 1 can
together be used to place constraints on temperatures
of melting. An example is shown in Fig. 7 for the gen-
eration of the Greenland picrites and the Gorgona
komatiites. These magmas have the geochemical prop-
erties of liquids formed on the solidus at 34 GPa
(Fig. 4b), and the T-P characteristics of the anhydrous
solidus constrain the melting temperature to have been
~ 1600°C (Fig. 1 and Fig. 2). The latent heat of melt-
ing will deflect the partially melted adiabat, and an
eruption temperature of 1340°C can be inferred from
the work of McKenzie and O’Nions (1991, fig. 2
therein).

In the extreme case of instantaneous segregation at
the point of melt initiation, melting would be perfectly
fractional, and the geochemical record would be that
of the initial liquid on the solidus as long as it did not
interact with anything else on the way to the surface. If
melt segregation did not occur, then no high-pressure
geochemical record would exist because the entire
melting process would be equilibrium rather than frac-
tional, and the final drops of magma would have a 1-
atm geochemistry. The pressure that is recorded in the
geochemustry of a komatiite must represent the pressure
at which the melt segregated from its matrix, and this
will always be at some point between the two extreme
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Fig. 7. Formation of the Greenland picrites and Gorgona komatiites.
Adiabatic gradients are from two main sources: below the solidus,
the adiabats are from Milleret al. (1991), but inflected at the various
phase transformations shown (Ita and Stixrude, 1992). Above the
solidus, the adiabats are interpolated from those given by McKenzie
and O’Nions (1991). A present-day potential temperature of 1350°C
is assumed below ridges, elevated somewhat from the 1280°C poten-
tial temperature of McKenzie and Bickle ( 1988) in order for melting
to be deep enough to provide a garnet signature in mid-ocean ridge
basalts (Salters and Hart, 1989).

possibilities, where equilibrium melting transforms to
fractional melting. Any forward model must make
explicit assumptions about the physics and chemistry
of this process (McKenzie and O’Nions, 1991; Sparks
and Cheadle, 1993). The approach adopted here is an
“‘inverse’’ one, in which the temperatures and pres-
sures of melt segregation are constrained directly from
the geochemistry of the lavas.

In the case of the Greenland picrites and Gorgona
komatiites shown in Fig. 7, the pressure of melt seg-
regation can be inferred to have been similar to the
pressure of melt initiation. Otherwise, the solidus char-
acter of these liquids would have been destroyed.
Advanced equilibrium melting along the adiabat shown
in Fig. 7 would have proceeded in the following way:
(L + 0Ol + Opx + Cpx + Gt] —» [L + Ol + Opx
+ Cpx] — [L + Ol + Opx]. Garnet would have
been the first phase to be consumed, but this is incon-

sistent with the trace elements that show depletions in
the HREE (Aitken and Echeverria, 1984; Holm et al.,
1993), and with the systematics in Al,O;-Ca0/Al, O,
(Fig. 4b). The degree of partial melting has been esti-
mated to be <30% for an assumed average mantle
peridotite source (Herzberg, 1992).

The most important observation in Fig. 7 is that the
T-P conditions of melting and melt segregation for the
Greenland picrites and Gorgona komatiites were 200°C
higher than ambient mantle below ridges at 3—4 GPa.
And since the pressures of melting of Hawaii are similar
(Fig. 4aand b), it can be inferred that Hawaiian plume
temperature is also ~200°C higher than ambient man-
tle. These compare with the 200-300°C excess tem-
peratures that have been recommended for the
present-day Hawaiian and Icelandic plumes (Mc-
Kenzie, 1984; Yuen and Fleitout, 1985; Liu and Chase,
1989; Griffiths and Campbell, 1991; Watson and
McKenzie, 1991).

If the Hawaiian plume is hotter than ambient mantle
by 200°C, meltingshould be occurring at 100-125-km
depth (3—4 GPa; Fig. 7), and this is consistent with
slow S-wave velocities at 100-200 km (Zhang and
Tanimoto, 1992). Komatiites with ~ 18% MgQ should
be forming below Hawaii (Fig. 1 and Albarede, 1992),
similar to Gorgona Island. But volcanism on Hawaii is
basaltic rather than komatiitic, and this points to the
importance of olivine fractionation (Murata and Rich-
ter, 1966; O’Hara, 1968; Wright, 1972; Irvine, 1979;
Albaréde, 1992). A related question is therefore why
plume volcanism is basaltic in some cases and koma-
tiitic in others. Although this is well beyond the scope
of this paper, it is worth noting that Hawaii differs from
komatiite-yielding plumes in that clinopyroxene frac-
tionation appears to have also been important (Feigen-
son et al., 1983; Fig. 4a, this work), and the occurrence
of garnet exsolution in clinopyroxene xenocrysts ( Bee-
son and Jackson, 1970) points to pressures of 2-3 GPa,
corresponding to the lower portions of the lithosphere
(Herzberg, 1978). The implication is that the strength
or thickness of the lithosphere may be a factor in deter-
mining the eruptability of komatiites. Although the
Earth could not have been much hotter during the Cre-
taceous (Fig. 8), there is an abundance of evidence
that plume, ocean ridge and arc volcanism were much
more widespread in the mid-Cretaceous than they are
today, and this is correlated with other global phenom-
ena such as a geomagnetic quite period, maximum sea-
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ridges through time, from Richter (1988). A T=200°C and
AT=300°C represent excess plume temperatures.

level high stand and tropical climate extending into
high latitudes (Larson, 1991; Storey et al., 1991; Sher-
idan, 1987). This unusual time in Earth history could
have arisen from thermal instabilities that are charac-
teristic of heat and mass transfer across endothermic
phase transformations such as the 670-km discontinuity
(Honda et al., 1993; Tackley et al., 1993; Steinbach
and Yuen, 1994b), and this could have resulted in a
lithosphere that was thinner or weaker in the Cretaceous
compared to the present day.

For komatiites that are Archean in age, the temper-
atures of melting can be also be constrained from the
solidus. However, in order to determine how these
melting temperatures differed from ambient mantle at
the time of formation, a thermal model for the Earth is
needed. Following the suggestion of Nisbet et al.
(1993), the cooling Earth model of Richter (1988)
will be used here, and this is shown in Fig. 8.

Fig. 9 shows that most Munro-type komatiites with
2.7-Ga ages can be interpreted to have melted at ~5
GPa in a plume that was also ~ 200°C hotter than the
ambient mantle of Richter ( 1988). This is based on the
few Munro-type komatiites that plot near the solidus
liquid line at 5—-6 GPa (Fig. Sa) and on komatiites from
the Newton Township (5-7 GPa; Fig. 5b). But a
unique pressure cannot be determined for most Munro-

type komatiites because they have the characteristics
of liquids that segregated from a harzburgite source
[L+01+0Opx] (see above), and reference to Fig. 9
shows that orthopyroxene can coexist with olivine in
the melting interval from 1 atm to ~ 9 GPa. Similarly,
if melting occurred at much higher pressures than 9
GPa, then orthopyroxene would not have participated
in the melting process, contrary to the geochemical
evidence. Initial melting at 5-7 GPa is therefore real-
istic, and advanced melting during adiabatic decom-
pression would have proceeded in the following way:
(L + Ol + Opx + Cpx + Gt] —» [L + Ol + Opx
+ Gt] — [L + OI + Opx]. Liquids formed at each
stage are represented in the Munro-type komatiite pop-
ulation, but most of them segregated from harzburgite
[L +Ol+Opx] at a pressure that was probably <5-7
GPa.

Although most 2.7-Ga komatiites can be understood
as having formed in a plume that was 200°C hotter than
the ambient mantle, those from the Boston Township
seem o be an important exception (Xie et al., 1993).
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Fig. 9. Depths and temperatures of melting 2.7 Ga ago. Lower dotted
line represents adiabat below ridges from Richter (1988; Fig. 8).
Plumes that are 200° hotter can explain the geochemistry of most
komatiites with 2.7-Ga ages. Komatiites from the Boston Township
record 10-14 GPa (Fig. 5b), and require unusually hot plume tem-
peratures ( ~300°C).
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The Boston Township komatiiies would have required
a plume that was ~ 300°C hotter in order to generate
the high-pressure signature that is indicated in their
geochemistry (Fig. 5b). This is consistent with the
interpretation of majorite garnet as a residual phase
from the unusually strong depletions in Gd/Yb in addi-
tion to Hf and Zr with respect to neighbouring REE
(Xie et al., 1993; McCuaig et al., 1994).

There is another possible way of explaining the
Munro-type komatiites that have a strictly harzburgite
geochemical signature. Since it is not possible to deter-
mine the 7-P path that gives rise to an equilibrium
assemblage, it is theoretically possible to explain the
harzburgite geochemistry by crystallization as well as
by melting. For example, it is possible that melting was
deeper (e.g., 20 GPa) because it occurred in a plume
that was ~400°C hotter than ambient 2.7-Ga mantle,
and the harzburgite geochemistry was imprinted by
crystallization and segregation at ~ 5 GPa. This is con-
sistent with hot plume temperatures modelled by Stein-
bach and Yuen (1994a), and it may be a possible way
of explaining the positive Hf and Zr anomalies in
Munro komatiites reported by Xie et al. (1993). How-
ever, it would be difficult to explain the Newton Town-
ship komatiites (Cattell and Arndt, 1987) by this
model, where both alumina-depleted and undepleted
types occur together in space and time; the most simple
explanation is that the alumina-depleted types were
solidus meits formed at 5~7 GPa and at the periphery
of a 200°C plume, and the alumina-undepleted types
were higher degree melts that formed in the plume axis.
I prefer a 200°C Munro plume to a 400°C one for its
simplicity, but more work is clearly needed to resolve
this important problem.

A plume that was 200°C hotter than Richter’s
(1988) ambient mantle at 3.5 Ga in the past would
have melted at a pressure of 8 GPa (Fig. 10), and this
could have generated some Barberton komatiites. But
most Barberton komatiites record pressures of 9-10
GPa, and others record up to 14 GPa (Fig. 6). This
indicates that an excess plume temperature of 200°C is
somewhat too low, or the Archean mantle was hotter
than Richter’s (1988) estimate. The important obser-
vation is that a small increase in the plume temperature
can make a large difference in depth of melting, and
this is shown in Fig. 10; increasing the plume temper-
ature from 200-300°C can increase the pressure of melt
initiation from 8 to ~ 22 GPa. This occurs because the
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Fig. 10. Depths and temperatures of melting 3.5 Ga ago. Lower dotted
line represents the adiabat below ridges, from Richter (1988; Fig.
8). Plumes that are 200°C hotter intersect the solidus at ~ 8 GPa,
and plumes that are 300°C hotter can begin to melt at ~22 GPa.
Barberton komatiites record pressures of 9—10 GPa, and possibly as
high as 14 GPa (Fig. 6).

slope dT/dP of the solidus is very small at these pres-
sures, and an ascending plume that encounters the
transformation (Mg,Fe)O magnesiowiistite
+ (Mg,Fe)Si0O; — 7(Mg,Fe),Si0O, must increase in
temperature in order to maintain its adiabatic state (Ita
and Stixrude, 1992; Steinbach and Yuen, 1994a).
Widespread melting at 22 GPa should be expected for
very hot plumes (Steinbach and Yuen, 1994a). Unfor-
tunately, the compositions of these magmas are poorly
known because of the paucity of experimental data. It
is most likely, however, that they are substantially dif-
ferent from the Barberton komatiites, which have geo-
chemical properties of liquids in the 9-14-GPa range
(Fig. 6). Sparks and Cheadle (1993) have suggested
that melting may have occurred at 22 GPa, but the
compositions of the erupted Barberton komatiites are
actually high-and low-pressure magmas that became
mixed in the plume. It is possible, therefore, that Bar-
berton komatiites that record a 14-GPa signature in
their CaO/ Al,O, are actually mixtures of magmas that
formed in the 10-22-GPa range.
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Evidence for an early Archean period of very deep
melting is also contained in the lithosphere peridotites
from the Kaapvaal craton that are contained in kimber-
lite. These have a major-element geochemistry that dif-
fers from typical mantle peridotite and its pyrolite
analogue (Boyd, 1989; Herzberg, 1993a), and they
have been interpreted as harzburgite cumulates (Herz-
berg, 1993a) that formed from a plume that experi-
enced melting in the 50-80% range (Herzberg, 1993a).
This degree of melting is higher than that which was
experienced by any other type of komatiite, and in order
for such an extensive amount of melt to have formed,
melting itself probably commenced at pressures in
excess of 20 GPa (Miller et al., 1991), corresponding
to the top of the lower mantle. This could have been
accomplished by a plume that was 300—400°C hotter
than Richter’s ambient mantle at 3.3+0.3 Ga ago,
about the time that these rocks formed (Pearson et al.,
1995). The first continental lithosphere and crust at
~3.3 Ga may therefore have formed from a gigantic
plume within which melting was deeper and more
extensive than at any other time in Earth history (Herz-
berg, 1993a; Pearson et al., 1995).

7. Discussion

Secular variations in the geochemistry of komatiites
have been recognized for some time (Jahn et al., 1982;
Gruau et al., 1990), and they can be interpreted as
arising from secular variations in the depth of melting
and melt segregation (Fig. 6). Older komatiites expe-
rienced deeper melting, and the higher pressures sta-
bilize garnet relative to olivine and pyroxenes, resulting
in komatiites with lower Al,O,, and higher CaO/ Al,O,
and Gd/Yb. Although the relationship between depth
and temperature of melting can be easily constrained
with the phase diagram, more difficult to understand is
the relationship between the depth of melting and the
thermal state of the Earth at the time.

If komatiites formed along ridges as suggested by
Takahashi (1990), the secular variations in tempera-
ture and pressure of melting recorded in their geochem-
istry would be a straightforward measure of the thermal
state of the Earth through time. But the high tempera-
tures create difficulties with this model (Nisbet et al.,
1993), and it is more likely that they formed in plumes
instead (Jarvis and Campbell, 1983; Campbell et al.,

1989; Herzberg, 1992). It then becomes important to
determine the relationship between the thermal prop-
erties of plumes and the thermal state of the Earth
during the time of their formation.

The cooling Earth model of Richter (1988) predicts
an Earth that was hotter by 180° and 300°C during the
Archean 2.7 and 3.5 Ga ago, respectively (Fig. 8).
Most picrites and komatiites that range in age from 60
to 3500 Ma can be interpreted to record conditions of
melting that were hotter than Richter’s (1988) ambient
mantle by 200°C. The results presented here are in
excellent agreement with the 200-300°C excess tem-
peratures calculated by Nisbet et al. (1993) and Abbott
et al. (1994), based on the MgQO content of komatiites.
Richter’s (1988) model therefore suggests that the
200°C excess temperature may be a characteristic of
plumes of all ages, and secular variations observed in
the geochemistry of komatiites were an outcome of a
hotter Earth rather than hotter plumes. The geochem-
istry of komatiites would then be the most direct way
of measuring the thermal state of the Earth in the past.

But there are theoretical lines of evidence that indi-
cate the existence of hotter plumes with excess tem-
peratures in the 300°-400°C range (Sparks and
Cheadle, 1993; Steinbach and Yuen, 1994a). The
phase diagram for mantle peridotite would require very
deep melting, extending into the transition zone and
top of the lower mantle for a suitably hot Earth
(Fig. 10). Although there is a paucity of geological
evidence for deep melting in hot plumes, it can be found
in the 2.7-Ga komatiites from the Boston Township in
Ontario (Xie et al., 1993; McCuaig et al., 1994) and
the 3.3-Ga peridotite xenoliths from the Kaapvaal cra-
ton (Herzberg, 1993a; Pearson et al., 1995). Discrim-
inating between 200° and 400°C plumes is therefore an
important challenge because of the implications con-
cerning depth of melting and mass transport throughout
the Earth.

A promising new way to test the hot 400°C plume
and deep melting possibility is the one taken by Xie et
al. (1993) and McCuaig et al. (1994) wherein trace-
element partitioning studies (e.g., Kato et al., 1988;
Ohtani et al., 1989) have been combined with a deter-
mination of trace-element abundances in komatiites to
evaluate the prospects of deep mantle phases. A defin-
itive signature of either perovskite or magnesiowiistite
would be a convincing test of deep melting in superhot
plumes. It is therefore very important that there be a
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resolution to analytical differences reported on similar
komatiites from different laboratories (Jochum et al.,
1991; Xie et al., 1993).
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Appendix A

Mantle peridotite exhibits a range of possible values
for Ca0/Al,O; and Al,O,, and a compilation of 542
spinel lherzolite analyses (Herzberg, 1993a) is shown
in Fig. 11. Some of the scatter in CaO/Al,O; arises
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Fig. 11. The content of Al,O, and CaQ/AlL,O, in mantle peridotite
(Herzberg, 1993a).

from analytical error stemming from refractory peri-
dotite samples with inherently low concentrations of
CaO and Al,0;. However, some high values of CaQ/
Al,O; are correlated with FeO/MgO, and are likely to
represent a komatiite component (see also Herzberg,
1993a).
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