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Melting experiments in the systems CaO-MgO-AlrO3-SiO2 and MgO-SiOrat 3 to 15 GPa
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Ansrru.cr

The results of multi-anvil melting experiments are reported for a range of compositions
in the system CaO-MgO-Al,O.-SiO,. The liquidus crystallization fields for forsterite, or-
thopyroxene, clinopyroxene, and garnet have been mapped out at 10 GPa, as have their
intersections at various cotectics. The composition of the liquid that is multiply saturated
in forsterite, orthopyroxene, clinopyroxene, and garnet has been also determined to within
+0.5-1.0 wt%o (2o), and the result is in excellent agreement with a previous estimate
(Herzberg 1992). These experiments confirm that the effect of pressure is to reduce AlrO,
and increase MgO and SiO, in magmas formed by the melting of garnet therzolite with
increasing pressure (Herzberg 1992). Melting experiments in the system MgO-SiO, also
have been performed to constrain how pressure affects the compositions of liquids that
are saturated in harzburgite [L + Ol + Opx]. Experiments in both CaO-MgO-Al,O.-SiO,
and MgO-SiO, demonstrate that there is a maximum normative olivine content to liquids
formed by initial or advanced melting of peridotite in the upper mantle, and this occurs at
7 to 8 GPa. For most peridotites that undergo decompression melting in a plume, clino-
pyroxene and garnet are the first crystalline phases to melt out and, with a few important
but rare exceptions, the experimentally constrained liquids are unlike most volcanic rocks.
Advanced anhydrous melting will yield liquids with a residual harzburgite mineralogy [L
+ Ol + Opxl, and these liquids are similar in composition to most komatiites with Cre-
taceous and 27O0 Myr Archaean ages.

INrnooucrroN

In a companion paper (Herzberg and Zhang 1997),
we demonstrated that it was possible to constrain the
compositions of liquids at invariant points and cotectics
in the system CaO-MgO-Al,O,-SiO, (CMAS) at 5 GPa
with a precision and accuracy that is comparable to ex-
periments at low pressures (i.e., *O.S-I.OVo 2o). Those
experiments were carried out in a multi-anvil apparatus
wherein the liquid compositions were bracketed by ex-
amining the liquidus phases for a wide range of com-
positions, namely the "shotgun" method. Similar ex-
periments have been carried on oxide mixes in the
system CMAS at 10 GPa using an identical experimental
method, and the results are reported here.

The experiments reported here are important for de-
termining the compositions of magmas produced by ini-
tial melting of garnet lherzolite at high pressures [Liquid
+ Olivine + Orthopyroxene + Clinopyroxene * Gar-
netl. Previous experimental work (Herzberg 1992, 1995;
Herzberg and O'Hara unpublished manuscript) showed
that all clinopyroxene and garnet can be dissolved dur-
ing advanced melting on decompression. The liquids
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that erupt solidify to picrites and komatiites, and most
of these rocks have a major element composition that
can be described by the partial melting of peridotite with
a residual harzbugite mineralogy [L + Ol + Opx].
These interpretations have been confirmed by the ex-
periments reported here. But to better understand the

TaeLe 1. Compositions of oxide mix starting materials (wto/o)
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Teele 2. Exoerimental results

Mix no -Experiment no
r fc)
P (GPa)
Time (min)
Crystallization

sequence

Mix no -Experiment no
r fc)
P (GPa)
Time (min)
Crystallization

sequence

Mix no -Experiment no.
r cc)
P (GPa)
Time (min)
Crystallization

sequence

Mix no -Experiment no
r fc)
P (GPa)
Time (min)
Crystallization

sequence

Mix no -Experiment no
r fc)
P (GPa)
Time (min)
Crystallization

sequence

Mix no.-Experiment no
r fc)
P (GPa)
Time (min)
Crystallization

sequence

27-1
2070

1 0
7

L
L + G t
L + G t + F o + O p x
L + G t + F o + C p x
[ G t + F o + C p x ]

30-1
21 00

1 0
7

L + E N
L + E n + F o
lEn + Foj

3 1 - 1
2020

1 0
7

I + O p x + F o +
Gt + Cpx
l F o + G t + C p x l

35-1
2020

1 0
5

l * c t
L + G t + F O
L + G t + F o + C p x
[ G t + F o + C p x ]

38-1
1 850

1 5
L
L + E N
L + E N + F O
[En + Fo]

28-1
2070

1 0
7

L
L + G t
L + G t + O p x
L + G t + F o + C p x
l c t + C p x + F o l

30-2
1 850

1 5
L
L + E N
L + E n + F o
[En + Fo]

oz- |

2020
1 0
7

I + F o + c p x
L + F o + C p x + G t
l F o + C p x + G t l

37-1
21 00

1 0
7

l + r o
L + F o + E n
lFo + Enl

38-2
1 800

20

L + F O
L + F o + E n
lFo + Enl

c.
2080

1 0

L + r o + G t
L + F o + G t + O p x
L + F o + G t + O p x + C p x

29-1
2100

1 0
7

I * p o
L + F O + E N
lFo + Enl

30-3
2200

1 5
1 0

: -
L + E N
L + E n + F o
[En + Fo]

33-1
2020

1 0
7

L
L A U t

L + G I + F O
L + G t + F o + C p x
l c t + F o + C p x l

37-2
1 850

5
1 2

I + e n
L + E n + F o
lEn + Fol

J d - J
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1 2
1 0

; -
L + F O + E N

lFo + Enl
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1 0
J

I + o p x
L + O p x + F o
L + O p x + F o + G t
L + O p x + F o + G t + C p x

29-2
1875

5
t 5

I * r o
L + F o + E n
lFo + Enl

30-4
2225

1 2
7

- -
L + F O
L + F o + E n
lFo + Enl

34-1
2020

1 0
7

I * r o
L + F O + G t
L + F o + G t + C p x
l F o + G t + C p x l

37_3
2200

1 5
1 0

L
L + En + minor Fo
L + E n + F o
[En + Fo]

39-1
1 850

5
t c

I * e n
L + E n + F o
lEn + Fol

c50t
2080

1 0

I + o p x
L + O p x + F o
L + O p x + F o + G t + C p x

39-2
zzzl

1 2
'10

L
L + E N
L + E n + F o
[En + Fo]

/Vo fes :L -L i qu id ;Fo -Fo rs te r i t e ;Opx -Or thopy roxene ;Cpx :C l i nopy roxene ;G t :Ga rne t ;En :Ens ta t i t e ; phases insqua repa ren theses :
subsolidus ohases

. Herzberg et al (1990)
f Herzberg (1992)

melting of peridotite with a harzburgite residuum, we
also report the results of experiments performed on com-
positions in the system Forsterite (MgrSiO.)-Enstatite
(Mg,Si,Ou).

ExprnrnanNTAI, METHoD

The experimental method adopted here is identical to
the one used in our companion study (Herzberg and
Zhang 1997), and the reader is referred to that paper for
a detailed discussion. An important question is the best
experimental method for accurately determining the

composition of a liquid at the invariant point of interest,
that being [L + Fo + Opx + Cpx + Gt] at 10 GPa.
Following on our previous success, we have adopted the
"shotgun" technique wherein the liquid composition is
bracketed by observing the liquidus phase for a range
of bulk compositions. In the ideal case, if the bulk com-
position is the same as the peritectic liquid, the experi-
ment will exhibit multiple saturation in the maximum
number of crystalline phases as we report for the first
time in this paper. An important reason for adopting the
"shotgun" technique has arisen from problems associ-
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29 37 30 Enstatite
Mg  rS i2O6

caspar ik  (1992)

Diopside
C a M g S i  2 O 6

Enstatite
M g  2 S i  2 0 6

Frcunn 1. Projections of experimental oxide mixes, liquidus
phase boundaries, and coexisting garnet, clinopyroxene and or-
thopyroxene at 10 GPa. (a) From Diopside onto the plane Fo-
En-Mg Tschermak's. (b) From Forsterite onto the pyroxene- gar-
net plane Numbered circles refer to oxide mix compositions
given in Table 1; Mix 31 indicated by the open circle is multiply
saturated in all crystalline phases [L + Fo + Opx + Cpx + Gt].
Bounding data at 10 GPa on the joins Diopside-Enstatite and
Enstatite-Pyrope are from Gasparik (1992, 1996). Inset shows
the effect of adding I wtTo of each oxide to the invarianr point.

ated with the electron microprobe analysis of the liquid
phase quenched in simple chemical systems (Herzberg
andZhang 1997). Liquids with komatiite analogue com-
positions in the system CMAS do not quench to glass,
but to a complex intergrowth of olivine and clinopyrox-
ene. The sizes and proportions of olivine and clinopy-
roxene vary with bulk composition, and for liquids at
invariant points, the quench olivine crystals tend to be
small and imbedded in much larger crystals of quench
clinopyroxene. Polished electron probe mounts tend to
have a high crack density with severe plucking of ol-
ivine and clinopyroxene (Herzberg and Zhang 1997).
This invariably results in electron microprobe totals that
range from 95 to 9lVo, and normalization to IOOVo is
problematic because the analysis is biased toward the

Mix  31
T : 2 O 2 O " C
P = 1 0 G P a

time :  7 min

Frcunr 2. Backscatter scanning electron microscope image
of an experiment on mix 31. Liquid quenches to quench clino-
pyroxenes and olivines. Olivine, orthopyroxene, clinopyroxene,
and garnet are all in contact with liquid.

phase that is most resistant to plucking, this being cli-
nopyroxene. The addition of l}Vo FeO to experimental
compositions reduces the size of the quench crystals and
can almost eliminate cracks completely, resulting in
good analyses with totals equal to 100 + 1 wtVo (Herz-
berg and Zhang 1997).

Another important problem is the effect of tempera-
ture gradients in assemblies with straight heaters. There
are advantages and disadvantages to using this tech-
nique, and the reader is referred to the extensive dis-
cussion reported elsewhere (Herzberg et al. l99O Hen-
berg 1992; Zhang and Herzberg 1994; Herzberg and
Zhang 1996,1997). The temperature gradient in the hot
spot of these experiments is typically 50 "C/mm, and
this can be reduced to 25 'Clmm with stepped heaters
(Walter 1998). It is never entirely eliminated, and the
chief effect is to cause thermal migration of the liquid
phase from the cold to hot areas of the sample by a
dissolution and precipitation process. This is the greatest
source of uncertainty in determining the composition of
the liquid phase at the 10 GPa invariant point, and its
magnitude is estimated below.

Time series experiments at'| to 60 min and 5 GPa
showed no change in the identity of the liquidus phase
and no change in absolute oxide abundances or in FeO-
MgO partitioning between crystals and liquid (Herzberg
andZhang 1997). Reversals were achieved in the sense
of observing simultaneous solution and precipitation of
the liquidus phases over the length of the temperature
gradient (Walker and Agee 1989; Herzberg et al. 1990;

bM g 3 A l  2 S i  3 O  I  2

Gt

27 za
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Teele 3. Electron microprobe analyses of coexisting phases at 10 GPa (this work) and 5 GPa (Herzberg and Zhang 1997)
(wt%)

No of
analyses SiO, Al2O3 MgO CaO Total

Liquid-5 GPa-
Fo-5 GPa"
Opx-S GPa-
Cpx-S GPa.
Gt-s GPa.
Liquid-10 GPaf
Fo-10 GPaf
Opx-10 GPat
Cpx-10 GPaf
Gt-10 GPat

48.85(0 1 8)
42.43\O.43)
57.20(0 50)
55 80(0 64)
44.11(O.421
51 40(0 20)
43 04(0 20)
59 48(0.61)
58 70(0 42)
47 80(0.54)

I  55(0.1 3)
0  21 (0 .01 )
3 58(0 60)
3.78(0.721

24 60(0 44)
3 77(O 43)
0 14(0 01 )
0 99(0 10)
0 99(0.02)

19.93(0 51)

30 90(0.s0)
57 O2(O.37)
36 04(0.44)
30 62(1.29)
25.71(O.62)
36 60(0.25)
56 45(0.42)
37 46(0.47)
33 25(0.72)
28 18(0 48)

10 70(0.15)
0.31(0 02)
3.07(O 27)
9.49(1 39)
5.58(0.68)
8 23(0 52)
0 2s(0.02)
2.ss(0.16)
7.53(0.64)
4 80(0.40)

9
35

49

1 3
1 6
I

100 00
99 97
99 89
99 69

100 00
| 00.00
99.88

100 48
100 48
100 71

Note-'Numbers in parentheses equal 1o for crystalline phases and 20 lor liquid phases
* Herzberg and Zhang (1997)-
f Liquid-10 GPa : oxide mix 31; crystalline phases from mix 31-experiment 1.

Zhang and Herzberg 1994; Herzberg and Zhang 1996,
1997), but polythermal melting and precipitation rever-
sals were not performed.

ExpnnrvrnxTAl RESULTS

Listed in Table 1 are the compositions of the mixed
oxide starting materials in both the CMAS and MS sys-
tems. The phase equilibrium results of experiments con-
ducted on these starting materials at 10 GPa are listed
in Table 2 and illustrated in Figures la and lb. Three
experiments reported previously at 10 GPa are included
(i.e., mixes C, C61, and C50; Herzberg et al. 1990;
Herzberg 1992), and are in excellent agreement with the
present work.

Figures la and 1b are projections of the liquidus crys-
tallizations fields for forsterite, orthopyroxene, clinopy-
roxene, and garnet together with their bounding cotec-
tics. The 10 GPa invariant point has been determined
precisely by mix 31, which shows multiple saturation in
these four crystalline phases [L + Fo + Opx + Cpx +
Gtl, as seen in Figure 2. The liquid at this invariant point
was estimated previously to have the composition of mix
21 (Herzberg 1992). We tested this estimate by prepar-
ing and running an experiment on mix 2l and found that
it is saturated in garnet only [L + Gt]; forsterite, ortho-
pyroxene, and clinopyroxene crystallize about 20 'C

lower, so this composition is almost multiply saturated
in garnet lherzolite. Although mix 27 is very similar to
our new and preferred peritectic liquid composition 31
as seen in Table l, the "shotgun" technique is highly
successful in resolving subtle phase equilibrium re-
sponses to small changes in bulk composition. Mix 31
differs from mixes 27 and 32by *g.2go7o SiO,, +O.43Vo
Al,O3, *0.25Va MgO, and -+0.527o CaO. With essen-
tially negligible uncertainties arising from weighing ox-
ide components (Herzberg and Zhang 1997), these dif-
ferences in bulk composition are a good indication of
the uncertainty arising from the brackets of the "shot-
gun" technique.

The most important source of uncertainty results from
systematic differences between quench liquid and oxide

mix compositions owing to thermal migration of liquid
in the temperature gradient. We were able to evaluate
this difference with experiments in the system CaO-
MgO-FeO-AlrO.-SiO, at 5 GPa because Fe was found
to reduce the size of the quench crystals and eliminate
cracks, and render it possible to analyze the experimen-
tal change accurately with the electron microprobe
(Herzberg and Zhang 1997). Near the invariant point,
the differences between oxide mix and quench liquid
compositions in absolute weight percent are: SiO, :
+0 .15 ;  A l ,O .  :  +0 .11 ;  FeO :  - 1 .01 ;  MgO :  +1 .08 ;
CaO : -0.38. Down the temperature gradient, Opx is
not stable and the experimental samples consist of an
assemblage of olivine, clinopyroxene, and garnet [i.e.,
L + Ol + Cpx + Gtl; the addition of a small amount
of this liquid to the larger pool of aralyzed liquid at the
hot spot by thermal migration will lower SiO, and MgO
and elevate FeO, thereby accounting for the differences
between oxide and analyzed liquid compositions. The
problem with extending these uncertainties to CMAS is
that the addition of FeO to CMAS widens the temper-
ature interval between the solidus and liquidus, and this
contributes a greater amount of liquid during thermal
migration. Uncertainties in the absolute error in the 10
GPa peritectic liquid composition are thus: SiO, :
+0.20 to o.25vo; A1,o, = *0.43 to 0.44Vo; MgO :
*0.25 to l . l lVo;  CaO :  +0.52to0.64Vo.  The min imum
bound is based on uncertaintes from the "shotgun"
method, and the maximum bound is estimated by a sum-
mation of the squares of uncertainties arising from the
"shotgun" method and the effects of thermal migration
in FeO-bearing systems at 5 GPa. In general. experi-
ments in a temperature gradient become more problem-
atic as the bulk composition becomes increasingly dif-
ferent from the peritectic liquid composition. For
melting experiments on peridotite bulk compositions.
the effects of thermal migration are much greater than
those documented here (Herzberg and Zhang 1996). A
superior method for examining low melt fractions in pe-
ridotite compositions involves minimizing temperature
gradients with stepped heaters (Walter 1998).



The compositions of coexisting forsterite, orthopyrox-
ene, clinopyroxene, and garnet in mix 31 were deter-
mined by wavelength dispersive electron microprobe
analysis using an analytical method described previously
(Herzberg and Zhang 1997); the results are listed in Ta-
ble 3 and projected in Figure lb. It can be seen that the
melting of garnet lherzolite at l0 GPa is peritectic, sim-
ilar to what we observe at 5 GPa (Herzberg and Zhang L + or +
1997). Melting coefficients for these reactions are:

0.12 Fo + 0.70 Cpx + 0.18 ct : 0.61 L + 0.39 Opx (1)

at 5 GPa (Herzberg and Zhang 1977), and

0.18 Fo + 0.12 Cpx + 0.10 ct :0.59 L + 0.41 Opx (2)

at l0 GPa. The drop in the coefficient for garnet with
increasing pressure reflects a reduction in the solubility
of garnet in the liquid; similarly, the increase in the co-
efficient for forsterite with pressure reflects a small in-
crease in the solubility of forsterite in the melt phase. The
effect of pressure on the compositions of liquids formed
by the melting of a garnet lherzolite analogue [L + Fo
+ Opx + Cpx + Gtl is shown more clearly in Figures
3a and 3b.

Pressure causes the primary crystallization field of gar-
net to expand at the expense of all other crystalline
phases, and this can yield liquids with very low contents
of Al,O. (Figs. 3a and 3b; see also Herzberg 1992, 1995;
Walter 1998). Our data at 5 and 10 GPa show that the
increase in the amount of normative forsterite is actually
very small, whereas there is a substantial increase in nor-
mative enstatite (Figs. 3a and 3b). This increase in nor-
mative enstatite is not evident by casual inspection of the
reaction coefficients in Equations I and 2, but becomes
clear when a comparison is made with pyroxene and gar-
net phase compositions at 5 GPa and l0 GPa (Table 3;
Fig. 3b). Pressure imposes a reduction in AlrO. and an
increase in SiO, in these crystalline phases, and this is
reflected in the liquid. Indeed, the lowest content of SiO,
in magmas generated by the partial melting of garnet lher-
zolite occurs at the spinel- to garnet-lherzolite transition,
and the effect of pressure is to generate increasingly si-
liceous liquids (Herzberg 1992). The pressure-induced
peritectic liquid track shown in Figure 3a exhibits sub-
stantial curvature, which results in a maximum in nor-
mative forsterite content at about 8 GPa.

A forsterite maximum seen for peritectic liquids in
CMAS can also be observed in the simple binary for-
sterite (Mg,SiO.)-enstatite (Mg,Si,Ou), as illustrated in
Figure 4. Melting is eutectic at high pressures, and we
were able to bracket this liquid by observing the liquidus
phases for several compositions at various pressures; the
results of these experiments are included in Table 2. The
effect of pressure on the amount of normative forsterite
in the liquid is most evident between 1 atmosphere and
5 GPa, but at higher pressures the behavior is complicat-
ed. Again, a maximum occurs at 7 to 8 GPa, and at higher
pressures the forsterite content of the eutectic actually
drops until it reaches a minimum at around 11.5 GPa

495

L + C p x + O p x  + G t

Frcunn 3. th" 
"rr"i:;;;; 

." liquidus crystatlization
fields, cotectic boundaries, and invariant points. Bold phase
boundaries at l0 GPa are from Figures la and 1b; bold phase
boundaries at 5 GPa are from Herzberg andZhang (1997). Bro-
ken curve : compositions of liquids coexisting with garnet pe-
ridotite [L + Fo + Opx + Cpx + Gt] at the pressures indicated
in GPa; interpolated compositions are anchored to the spinel- to
garnet-peridotite transition at about 2.5 GPa (Herzberg and
O'Hara unpublished manuscript), and can be retrieved from the
following empirical equations:

CaO (wtVo): 10.04 - 0.2853P + 10.43/P

MgO (wt7o) :37.1.0 + 0.3467P - 39671P

A1,O. (wtVo) : 621 - 0.546P + 30.4/P

SiO, (wt7o) : 46.85 + 0.4733P - 183/P

Light lines labeled [L + Fo + Opx + Cpx] are fixed by eutectics
on the forsterite-enstatite binary (see below) and may or may not
be saturated in clinopyroxene AII other light lines are inferred
cotectic boundaries. ltalicized Gt, Cpx, and Opx are liquidus
crystallization fields Unitalicized Gt, Cpx, and Opx are crystal-
line phase compositions at 5 and l0 Gpa

where orthoenstatite transforms to the clinoenstatite struc-
ture (Pacalo and Gasparik 1990). For the eutectic melting
of forsterite and orthoenstatite, we have fitted our exper-
imental brackets to the lower pressure data of Bowen and
Andersen (1914) and Liu and Presnall (1990) with the
following empirical equation:

SiO, (wt7o) : 60.94 - 2.209P + 0.I486P'z (3)
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Forsterite - Enstatite
MgrS iOa  -  Mg2S i206

tL

60

50

40

30

20

10

o

-10

5 10 15

Pressure (GPa)
Frcunn 4. The effect of pressure on eutectic liquid compositions for the binary system Forsterite-Enstatite. Squares : oxide

mixes in Table 1; closed square : liquidus forsterite; open square : liquidus enstatite. Circles : eutectic and peritectic liquids
determined by Bowen and Andersen (1914), Liu and Presnall (1990), Gasparik (1990), Presnall and Gasparik (1990), and Presnall
et al (1998).

In the 5 to 10 GPa range, our observed eutectic liquids
have higher forsterite contents than those inferred by
Presnall et al. (1998) from interpolation of their 2.0 and
9.1 GPa end points (Fig. 4). However, there is very good
agreement at pressures above about 12 GPa (Presnall and
Gasparik 1990; Presnall et al. 1998).

DrscussroN

When the lithosphere is passively stetched, it is re-
placed by upwelling asthenospheric mantle that can par-
tially melt at about O.2 to 3.0 GP4 yielding liquids that
are similar to basaltic magmas (e.g., O'Hara 1968;
McKenzie and Bickle 1988; Langmuir et al. 1992). But
when mantle peridotite ascends in a hot plume, it tends
to melt at higher pressures, possibly as high as 8 to 9
GPa (Herzberg 1992). Because the adiabatic gradient of
the plume has a smaller dZdP than the solidus, progres-
sive melting must take place (McKenzie and Bickle
1988), and it is important to understand the polybaric
geochemical evolution of these magmas.

Plagioclase- and spinel-lherzolite are the peridotite as-
semblages melted from 1 atmosphere to about 2.5 GPa.
But at higher pressures where garnet is stable, orthopy-
roxene can be absent from melting on the solidus because
it can be completely dissolved in the clinopyroxene
(Herzberg and Zharg 1996; Walter 1998). We use our
experimental results at 5 to 10 GPa to illustrate this point
in Figure 5. A range of naturally occurring, pyrolite-like
peridotite compositions have been projected from olivine
onto the pyroxene-garnet plane. These contain MgO in
the 36 to 42Vo range and, in general, the more refractory
mantle projects to higher normative enstatite. It can be
seen that, with one exception, mantle peridotite crystal-
lizes to the subsolidus mineralogy [Ol + Cpx + Gt], and
the melting of this assemblage must be Opx-free [L + Ol
+ Cpx + Gtl. The solidus is defined by [L + Ol + Cpx
+ Gtl, and liquids formed by advanced melting along this
cotectic become increasingly enriched in SiOr. These
Opx-free initial melting assemblages were not observed
by Herzberg andZhang (1996) because ofthe large ther-

Presna l l  e t  a l .  ( 1997 )

Liu & Presnal l  (1 975)

Bowen  &  Ande rsen  (1914 )

Gaspar ik (1 99O)
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I  O l iv ine  ]

49'l

L + O l + C p x + G t

D i o P s i d e  L + o t  + c p x + o p x Enstatite

Frcunn 5. A projection from olivine of 5 and l0 GPa cotec-
tic equilibria, coexisting pyroxenes and garnet, and mantle pe-
ridotite (closed circles). Broken lines : lines connecting coex-
isting crystalline + liquid phases. Initial melting of Opx-free
assemblage [L + Ol + Cpx + Gt] at 5 GPa is illustrated for the
peridotite composition indicated as a circle within a circle. Initial
melting of Opx-bearing garnet therzolite [L + Ol + Opx + Cpx
+ Gtl at 5 GPa is illustrated for the peridotite composition in-
dicated as a circle within a cross; at l0 GPa the solidus assem-
blage is Opx-free. The effect of FeO is to increase the prospects
for Opx-free initial melting because it increases the solubility of
En in Cpx and restricts the range of peridotite compositions that
project into the triangle defined by Cpx-Opx-Gt (Herzberg and
Zhans. 7997). Peritectic melt comoositions are from Table 3.

mal gradients in their experiments, but they were con-
firmed to exist by Walter (1998). When the degree of
melting is elevated even more, Opx is stabilized by the
reaction Ol + Cpx + Gt : L + Opx (Davis and Schairer
1965; O'Hara and Yoder 196l;Herzberg 1992',Herzberg
et al. 1990; HerzbergandZhangl99T;Longhi 1995; Kin-
zler 1997; Walter 1998) and melting will once again in-
volve garnet therzolite [L + Ol + Opx + Cpx + Gt].
The melt composition in this scenario depends critically
on the composition of the source peridotite. Figure 5
shows that at 5 GPa initial melting can be peritectic and
involve Opx for more refractory mantle, which is en-
riched in enstatite [L + Ol + Opx + Cpx + Gt], but at
10 GPa it is Opx-free [L + Ol + Cpx + Gt].

For most peridotite compositions, progressive isobaric
melting at 3.5 to 8 GPa eliminates crystalline phases in
the following order: [L + Ol + Opx + G0 -+ G + Ol
+ Opxl + (L + Ol). The same progressive melting se-
quence can also occur polybarically by decompression in
an ascending hot plume, and the magmas that erupt are
typically komatiites and picrites (MgO = 18 wtTo; Herz-
berg 1992). In the discussion that follows, naturally oc-
curring komatiites are compared with the experimentally
constrained cotectic phase relations in the system CMAS.
The addition of FeO to this simple system expands the
liquidus crystallization field of garnet at the expense of
all other crystalline phases by a small amount, and this
has been calibrated experimentally at 5 GPa for FeO con-
tents that range from 11 to 17 wt%o (Herzberg and Zhang
1997). The application of liquidus phase relations in the
system CMAS to komatiites that typically contains 117o
FeO results in an error that is roughly the same as the

L + C p x + O p x + G t

L + Ol + Opx lcpx

Cretaceous Picrites & Komatiites
from Gorgona and

Frcunn 6. Projections of Gorgona and Curagao picrites and
komatiites. (a) From Diopside onto the plane Olivine-Enstatite-
MgTschermak's. (b) From Olivine onto the garnet-pyroxene
plane. Closed circles : picrites and komatiites with higher de-
gree melts having higher normative enstatite; Filled crosses :
mantle peridotites with more refractory types having higher nor-
mative enstatite; the trend is genetically independent of the trend
of picrites and komatiites. Invariant points and cotectics are from
Figure 3. Data sources are cited in the text The effects of TiOt,
Cr,O., NarO, and KrO are small but included in the projection
code (Herzberg and O'Hara unpublished manuscript).

size of the experimental uncertainties discussed above.
Phase equilibria in the system CMAS therefore provide
an excellent description of melting and crystallization of
komatiites at high pressures.

Komatiites and picrites of Cretaceous age from Gor-
gona and Curagao (Echeverria 1982; Aitken and Echev-
erria 19841 Echeverria and Aitken 1986; Kerr et al.
1996a, I996b; Arndt et al. 1997) are thought to have
melted in a plume that gave rise to the Carribean plateau
(Storey et al. 1991). Projections ofthese data demonstrate
that their compositions are dominated by the addition and
subtraction of olivine, which is observed to occur at the
surface, and this appea"rs as the strong olivine control in
Figure 6a. By projecting from olivine, we can filter
through this surficial olivine control signature, and the
results are seen in Figure 6b. Now a strong enstatite con-
trol is observed emanating from mantle peridotite, dem-
onstrating that the parental komatiite compositions are

MgTschermak's
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MgTschermak 's

L + O l + C p x + c t

L + O l + O p x a C p x

Archean Komatiites
- 2,7OO Myr

Frcunr 7. Projections of 27OO Myr Archaean komatiites
from all cratons. (a) From Diopside onto the plane Olivine-En-
statite-MgTschermak's. (b) From Olivine onto the gamet-pyrox-
ene plane. Data sources are cited in Herzberg (1992,1995) In-
variant points and cotectics are from Figure 3. The effects of
TiOr, Cr,O., Na,O, and K.O are small but included in the pro-
jection code (Herzberg and O'Hara unpublished manuscript).

dominated by harzburgite (L + Opx + Ol), a conclusion
reached previously (Herzberg 1992, 1995; Herzberg and
O'Hara unpublished manuscript).

Komatiites with 2700 Myr Archaean ages are the alu-
mina-undepleted types of Nesbitt et al. (1979), and these
have been projected in Figure 7. This is a global database
of komatiites from all cratons (Herzberg 1992, 1995), and
the strong harzburgite control is still evident (Fig. 7b).
The projected compositions exhibit substantial scatter in
Diopside/Pyrope, which is likely ro arise both from alter-
ation and from variations in peridotite source chemistry
(Herzberg 1992). Indeed, it can be seen in Figure 7b that
almost all of the dispersion in the data can be attributed
to variations in CaO-AlrO. for mantle peridotite (see also
Herzberg 1995).

An exception to the rule of harzburgite control is rep-
resented by the occurrence of both alumina-undepleted
and alumina-depleted komatiites from a single locality in
the Newton Township of Ontario (Cattell and Arndt
1987), which are shown here in Figure 8. The alumina-
depleted types are highest in Diopside/Pyrope, depleted

Newton Township Komatiites

Frcunr 8. A projection of 27OO Myr komatiites from the
Newton Township, Ontario (Cattell and Arndt 1987). Alumina-
depleted komatiites are generally elevated in Diopside-Garnet,
but the sample with the highest Diopside-Garnet is actually a
high-MgO, olivine-porphyritic, alumina-undepleted komatiite
(no. 15 of Cattell and Arndt 1987), and is most likely to be an
altered sample that experienced CaO addition. Invariant points
and cotectics are from Figure 3. The effects of TiO,, Cr,O,,
NarO, and K.O are small but included in the projection code
(Herzberg and O'Hara unpublished manuscript).

in heavy rare earth elements (HREE), and have low
AlrO.-TiO, indicating the involvement of garnet (Cattell
and Arndt 1987). Figure 8 shows that these komatiites
are roughly coincident with liquids that could have
formed by variable degrees of melting of a garnet harz-
burgite assemblage (L + Ol + Opx + Gt). Another in-
terpretation is that mixing could have occurred between
liquids with residual harzburgite and liquids extracted
from garnet lherzolite by lower degrees of melting. The
Tertiary picrites from West Greenland also display a gar-
net harzburgite signature (Herzberg and O'Hara unpub-
lished manuscript), which indicates that the Icelandic
plume from which they formed (Holm et al. 1993) had a
lower potential temperature than most plumes.

Most komatiites with Cretaceous and late-Archaean
ages are not coincident in projection with any of the fol-
lowing peridotite melting assemblages: [L + Ol + Cpx
+ Gtl, E + Ol + Opx + Cpx + Gtl, or [L + Ol + Opx
+ Gtl except by chance. These observations illustrate that
garnet and clinopyroxene are usually melted out during
decompression melting of peridotite in hot plumes, and
when this occurs, further melting involves a residual
harzburgite mineralogy [L + Ol + Opx]. The inference
of a harzburgite residuum is consistent with trace ele-
ments, which show no depletions in HREE that can be
attributed to residual or cumulate garnet (Arndt et al.
1997; Bickle et al. 1993). However, there is an important
caveat to this interpretation. The harzburgite signature ob-
served in projection has been interpreted above as the
product of a partial melting process, but partial crystal-
lization of komatiite liquids saturated in olivine-ortho-
pyroxenite [L + Ol + Opx] by heat exchange with a cold
lithosphere could give rise to derivative liquids with vari-

L + C p x +
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able normative enstatite, and in projection these would be
indistinguishable from liquids formed by variable degrees
of partial melting. Partial crystallization can yield deriv-
ative liquids that are modestly enriched in FeO compared
to partial melts, but these cannot be distinguished easily
from liquids produced by the partial melting of an Fe-
rich peridotite source (Herzberg and O'Hara unpublished
manuscript). The only requirement for the partial crys-
tallization interpretation is that it involve liquids formed
by high degrees of partial melting, with either a harzbur-
gite residuum [L + Ol + Opx] or an olivine residuum [L
+ Oll. This difficult problem has not been resolved ad-
equately and will be the subject of further inquiries.

The amount of orthopyroxene that is melted out of a
harzburgite residuum during decompression depends on
how hot the ascending plume is. Very hot plumes could
conceivably melt all orthopyroxene and have a residuum
consisting of olivine [L + Ol]; eruption of these magmas
followed by crystallization of olivine at the surface would
be manifest in projected komatiites that would coincide
with mantle peridotite in the olivine projection of Figure
7b. This is certainly a possibility for some komatiites
(Fig. 7b), although the harzburgite control generally dom-
inates. A residual harzburgite signature for most koma-
tiites with Cretaceous and late-Archaean ages has been
interpreted to have formed by about 25 to 60Vo anhydrous
melting of mantle peridotite and in plumes with potential
temperatures that were 200 to 400 'C higher than those
of present-day oceanic ridges (Herzberg 1992,1995; Nis-
bet er al. 1993; Abbotr et al. 1994; Walter 1998;Herzberg
and O'Hara unpublished manuscript). The phase equilib-
rium results reported here provide a foundation for ex-
ploring in greater detail other problems such as depths of
melting and melt segregation, specific source composi-
tions, the effect of plume shape and magma mixing on
komatiite geochemistry, the role of partial crystallization
of komatiites in the lithosphere, and the importance of
komatiites in understanding the origin of cratonic mantle
(Herzberg and O' Hara unpublished manuscript).
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