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ABSTRACT

The anhydrous phase relations of natural Al-undepleted komatiite (AUK ) with 25
% MgO and Al-depleted komatiite ( ADK ) with 32 % MgO have been investigated over
the pressure range from 4 to 12 GPa, using samples from Munro Township, Ontario and
Barberton Mountain Land of South Africa, respectively. All experiments were carried out
with graphite or molybdenum capsules in a uniaxial split-sphere apparatus and 18 mm
octahedral pressure cell. The thermal gradient within the central part of the sectioned
furnace is estimated to be about 50 *C/mm near the junction of the thermocouple.

For both of the compositions the liquidus phase is olivine at low pressure,
clinopyroxene in an intermediate pressure range and garnet at high pressure. Olivine-
clinopyroxene liquidus cosaturation occurs at 5.2 GPa for the AUK and 9.6 GPa for the
ADK, and the clinopyrcxene-gamet cosaturation point is at 6.8 GPa for AUK and at 11.5
GPa for ADK. The subsolidus assemblage comprises olivine, clinopyroxene and garnet in
the entire pressure range ( 4-12 GPa) for both of the compositions, and the last phase to
crystallize with decreasing temperature is garnet at pressures below the clinopyroxene
liquidus interval and olivine at higher pressures.

Assuming that both of the komatiites represent near primary melt compositions and
that the melt separated from residues involving olivine, the maximum pressures of magma
separation would be 5.2 GPa and 9.6 GPa for AUK and ADK, respectively. The absence
of garnet from the olivine-clinopyroxene liquidus cosaturation points implies that garnet
was not a residual phase and that the melting was not pseudoinvariant. 10-30 % of melting
of mantle peridotite at pressures corresponding to the olivine-clinopyroxene cosaturition
points, i. e. at depth of 160 km and 300 km, can generate the AUK anc ADK,
respectively. Small amounts of garnet originally present in the source peridotites were

likely consumed during the melting. The chemical characteristics of the ADK (high Ca/Al



and Gd/Yb ) were probably acquired by gravitational segregation of garnet from a rising

peridotite diapir prior to melt separation.
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I. Introduction

The existence of ultramafic liquid had been questioned for a century before Viljoen
and Viljoen (1969a ) discovered the first komatiite in 1969. Named after the discovery
site near the Komati river in the Barberton Mountain Land of South Africa, komatiites
have since been found in other parts of the world, e.g. in Australia ( McCall and
Leishman, 1971; Williams, 1972) and Canada (Pyke et al, 1973). These rocks
commonly occur as major components in Archean greenstone belts with ages ranging
from 2.5 to 3.6 Ga (see Arndt, 1979 ), indicating that komatiitic magmatism might have
played an important role in the chemical differentiation of the Archean mantle.
Information about their petrogenesis is therefore essential for our understanding of the

geochemical and geophysical characteristics of the Archean mantle.

Various models have been proposed to explain the unusually high magnesium
contents ( 18-34 % MgO) of the komatiitic liquids. Viljoen and Viljoen (19693, b ),
Green (1975), Cawthorn and Strong (1974), Sun and Nesbitt (1978 ), Nesbitt et al.
(1979 ) and Jahn et al. (1980), for instance, suggested that the high magnesium liquids
were generated by high degree (up to 70 % ) of partial melting of a mantle source at
relatively shallow level. Arguing that the high degree melting model is not supported by
the low viscosities of such liquids, Arndt (1977 ) and Arth et al. (1977) proposed a
sequential melting model in which an ultrabasic magma was formed by further partial
melting of a refractory residue containing small amounts of trapped basic liquid after an
initial basic magma separation. Bickle et al (1977) suggested that komatiites are liquids
that separated from a dunitic or harzburgitic source, and later assimilated a portion of the
crystalline residue during ascent. There are also several studies suggesting low degrees
of pseudoinvariant melting at very high pressures. During their melting experiments,

Takahashi and Scarfe (1985), Scarfe and Takahashi (1986) and Takahashi (1986)



observed that liquids formed by partial melting of peridotite at its solidus become more
magnesian with increasing pressure and that a komatitic liquid was produced at 5-7 GPa
leaving olivine (ol), clinopyroxene (cpx) and garnet (ga) in the residual source.
Herzberg and O'Hara (1985) and Herzberg and Ohtani (1988 ) examined the locations of
komatiites in liquidus projection diagrams in the pseudoquaternary system Ca0-MgO-
A1203-SiO2 and noticed that the komatiites are distributed ncar the experimentally
determined pseudoinvariant melting points of peridotite. They suggested, accordingly,

that komatiites could have been formed by pseudoinvariant melting (ol+cpx+ga+liquid).

Nesbitt et al. (1979) divided komatiites into aluminum undepleted komatiites

(AUK) and aluminum depleted komatiites (ADK). The chemical characteristics of the
different types are shown in Table 1 and Figure 1. The AUKs commoenly have a
CaO/Al20s ratio of about one (close to mantle peridotitic value), an Al203/TiO2 ratio of
about 20 ( close to chondritic value) and flat heavy rare earth element pattern ((Gd/Yb)n
about 1). Most komatiites such as those from Munro Township, Ontario and Belingwe,
Zimbabwe, belong to this type. In contrast, ADKs usually have high CaO/A1203 (about
1.6), low AI203/TiOz2 (about 11) and depleted heavy rare earth element pattern ((Gd/Yb)n
about 1.4 ). A few old ( about 3.5 Ga) high magnesium rocks including the classic
Barberton komatiites belong to this type.

Because garnet and clinopyroxene are the major host minerals for aluminum and
the rare earth elements in the upper mantle, the compositional difference between AUK
and ADK has been explained by varying degrees of garnet and clinopyroxene
involvement during melting or later fractionation. Cawthorn and Strong (1974)
suggested that the contrasting compositions are due to the clinopyroxene/garnet ratio in
the original peridotitic source. Amdt (1977), Arndt et al.(1977) and Arth et al. (1977),
however, argued that the chemical signature of komatiites is mainly a function of the

relative proportion of gamet and clinopyroxene retained in their residue. On the other



hand, Green (1975 ), Sun and Nesbitt (1978) and Nesbitt et al. (1979) suggested that
the removal of garnet from the source could explain the depletion of aluminum. More
recently, Ohtani (1984 ) and Herzberg and Ohtani (1988) proposed that Al-undepleted

komatiites and Al-depleted komatiites were formed at different depths.

Most of the previous studies of the origin of komatiites have concentrated on the
geochemistry ( e.g. major elements, trace elements and isotopic ratios ) of komatiites.
These investigations have placed some constraints on the chemical characteristics of the
sources of komaiiites, but the depth of komatiite derivation and the residual mineral
assemblage of their source are still uncertain. The additional information about the phase
relationships of komatiite as a function of pressure is therefore required in order to place
some constraints on these genetic problems.

Green et al.(1975) first determined the liquidus of a komatiitic sample (49 J) from
Barberton Mountain Land of South Africa at pressures from 0.2 to 2.5 GPa under
hydrous condition and from 0.2 to 1.0 GPa under anhydrous condition. Their
experimental results show that the liquidus phase is olivine with normative forsterite of
about 93 and the one-atmosphere liquidus temperature is about 1650 °C for this komatiite
with 32.97 % MgO. Amdt ( 1976 ) studied the phase relationships of Al-undepleted
komatiites with 25 % MgO from Munro township, Ontario, within the melting interval at
pressures below 4 GPa under anhydrous condition. The olivine is the only liquidus
phase at all studied pressures. The second phase that crystallized with olivine was
calcium-poor pyroxene ( 2-3 GPa) or spinel (< 2GPa). Garnet appears near the solidus at
about 3 GPa, but appears to become the second crystallizing phase replacing pyroxene
at high pressure.. Bickle et al (1977) carried out some experiments on Al-undepleted
komatiites from Belingwe greenstone belt and found that all samples have olivine as
liquidus phase at pressures below 4 GPa, except one sample having orthopyroxene as

liquidus phase between 1 and 4GPa.



If komatiites were formed by pseudoinvariant melting as suggested by Herzberg
and O'Hara (1985), Takahashi and Scarfe (1985), Scarfe and Takahashi (1986),
Takahashi (1986) and Herzberg and Ohtani (1988), the px'essux;e of komatiite derivation
would be higher than 4 GPa and the multiple saturation points could be found at
somewhere above that pressure. Examination of the phase relationships of a “primary "
komatiite at pressures above 4 GPa, therefore, can provide further constraints on:

a. The residual mineral assemblages from which the komatiitic magma was
extracted;

b. The pressure and temperature under which the magma could have been
separated;

c. The partitioning of elements between residual phases and the magma.

This thesis presents experimental data on the anhydrous phase relations of both Al-
undepleted and Al-depleted komatiites at pressures from 4 to 12 GPa. Based on the
experimental results, the major problems concerning petrogenesis of komatiites such as

high MgO content and high CaO/ Al203 value are discussed.



II. Starting Material

Two natural samples, M620 and HSS-15, were used as starting materials for Al-
undepleted komatiite and Al-depleted komatiite, respectively. The compositions of the

two chosen samples are listed in Table 1.

The sample M620 was collected from a spinifex-textured komatiitic lava in Munro
Township, Ontario (Arndt and Nesbitt, 1984). This sample contains 25 wt% MgO and
has Al/Ti and Ca/Al ratios close to the average of Al-undepleted komatiite (Table 1).
M620 displays typical spinifex texture with skeletal blades of olivine pseudomorphs
(10-15 mm long but only 0.3-1 mm wide ) randomly oriented in a matrix of fine skeletal
clinopyroxene and devitrified glass. The olivine has been entirely replaced by fine
grained hydrous minerals, but most clinopyroxene remains fresh. Detailed descriptions
of field geology, petrology and geochemistry of the komatiites from this area have been
given by Pyke et al.( 1973 ), Arndt et al. (1977 ), Arth et al. (1977), Amndt and Nesbitt
(1982) and Arndt and Nesbitt (1984). A Sm-Nd age of 2.6 Ga for komatiites from
Munro Township was provided by Zindler (1982). Although M620 has not been
investigated experimentally, a sample (SA 3091) of composition similar to M620 from
the same area was used in the experiments by Arndt (1976).

The sample HSS-15 was collected from a chilled margin of a pillow lava or flow
top breccia in the Barberton Mountain Land of South Africa (Smith and Erlank, 1982;
Smith, 1988, personal communication). The chemical analyses (Table 1) show that this
sample contains 31.5 wt % MgO and has Ca/Al and AY/Ti ratios close to the average of
Al-depleted komatiites. HSS-15 is aphanitic with less than 0.4 mm microphenocrysts of
olivine, pseudomorphed by serpentine. The geology of Barberton Mountain Land was

described by Anhaeusser (1973, 1978), Anhaeusser et al. (1968), Viljoen and Viljoen



(1969 a, b, c¢), Viljoen et al.(1982) and Williams and Furnell (1979) and detailed
petrological and geochemical accounts of the komatiites were provided by Nesbitt et al,
(1979), Jahn et al,(1982) and Smith and Erlank (1982). Sm-Nd ages of about 3.6 Ga
were provided by Hamilton et al. (1979) and Jahn ct al. (1982 ). A sample (J49) from
same area was used in the experiment by (neen et al.(1975).

Based on their textures, structures and compositions, it was assumed that these

two natural samples represent liquids close to primary magmas in composition.



III. Experimental Methods

1._High pressure apparatus and furnace assembly

All experiments were performed at the University of Alberta with a 2000 ton
uniaxial split sphere apparatus ( see [to et al., 1984 for description ). A semisintered
MgO-Cr203 ( 5% ) octahedron was used as pressure medium between 8 cubic tungsten
carbide anvils ( 32.5mm side lengths ) with truncated corers (11 mm truncation edge).

The furnace assemblies used in this study are shown in Figure 2. The ZrO2 sleeve
acts as a heat insulator and together with the pressure medium improves the efficiency of
the graphite or LaCrO3 heaters. Graphite heaters were used in most of the experiments
below 7 GPa. However, at the highest pressures and temperatures used in this study
the increased kinetics of the graphite to diamond transition prevents the use of graphite
heaters. LaCrO3 with its temperature dependent resistance ( Takahashi, 1986 ) and
thermal insulating capacity provides a heater with slightly lower power consumption and

lower thermal gradient than a graphite heater.

2. Sample containers

The sample container was made of graphite for all runs below 9 GPa and of
molybdenum for most runs above that pressure in order to prevent diamond formation.
No special measure was taken to buffer the oxygen fugacity, but by analogy with the
lower pressure studies by Biggar (1970), Thompson and Kushiro (1972) and Visser and
Koster Van Groos (1979), the graphite and molybdenum capsules may impose oxygen
fugacities between the magnetite-wustite and iron-wustite buffers and near the iron-
wustite buffer, respectively. No metallic iron or molybdenum alloy was observed, and
no iron loss to the molybdenum capsules was detected by electron microprobe analyses

in the run products of this study.



The sample pressure was calibrated against the load tonnage by using the following
transitions:

a. At room temperature: Bi (I-II) at 2.55 GPa (Hall, 1971 ) and Bi( V-VI) at 1.1
GPa (Homan, 1975);

b. At 1000 °C: Fe28i04 ( a-y ) at 5.3 GPa (Yagi ¢t al., 1987) and coesite-
stishovite at 9.4 GPa (Suito, 1977 );

c. At 1500 °C and 2000 °C; quartz-coesite at 3.6 and 4.2 GPa, respectively (Boyd
and England, 1960; Mirwald and Massonne, 1980).

Because the shift of the calibration curve between 1000 °C and higher temperature
(1500 *C or 2000 °C) does not exceed the uncertainty of the calibration, all run pressures
were measured based on the pressure calibration at 1000 °C. The accuracy and precision
of the sample pressure is estimated to be 0.2 GPa.

The temperature was monitored with a W3%Re/W25%Re thermocouple which
passed through the center of the furnace and was electrically insulated from the heater by
alumina sleeves (see Figure 2 ). No correction for the effect of pressure on the
thermocouple emf was made. According to Getting and Kennedy (1970), Herzberg ¢t
al.(1989) and the two-pyroxene thermometer experiments of this study (see below), the
recorded temperatures may be 50-100 °C lower than the real temperature in the hot end
of the sample capsules. Using a programmable controller, the temperature could be

controlled to within+ 5 °C.

4. Experimental lytical
Each sample was ground in an agate mortar under alcohol until the grain size was
less than 5-10 pum. The pulverized samples were fired at 1100 °C in Ar atmosphere for

three hours and stored in an oven at 110 °C.



Approximately 10-20 mg fired powder was loaded in a capsule which was then
covered with a lid. Two capsules were placed in the internal graphite resistance furnace
and insulated from the furnace with MgO sleeves and spacers. The whole assembly
(Figure 2) installed in the MgO-Cr203 octahedron was fired au 1000-1100 °C in Ar
atmosphere for one hour in order to completely dehydrate all of the parts. The assembly
was subsequently installed between the tungsten carbide anvils, and the inner anvil
configuration was loaded in the space between the outer split-sphere anvils.

The sample pressure was increased by 0.1 to 0.2 GPa per minute to the run
pressure, and the temperature was then raised by 100 °C per minute to the desired value.
The experiments were quenched by cutting power and the quench time ( from run

temperature to 400 °C) was 2-3 seconds.

The phases in the run charges exposed on polished surfaces were identified by
optical microscope and back scattered electron imaging at the University of Alberta.
Selected liquidus phases were analyzed by electron microprobe at the University of
Calgary, using 15 kV acceleration voltage and 10-15 nA beam current. The counting
time was 20 seconds on peaks and background. The major elements ( Si, Ti, Al, Mn,
Fe, Mg, Ca ar:i Na ) were measured simultaneously by using eight wave length
dispersive spectrometers. Data reduction and correction were made with the Bence and
Albee (1968) computer program with modification of Albee and Ray (1970). The
analytical accuracy and precision ( one standard deviation ) is 1.5 % of the amount
present for oxides comprising more than § %, +2-30 % for oxides in the 1-5 % range

and +3-50 % for oxides comprising less than 1 % of the analysis.

Tem istribution within furna



Figure 2 shows the two different types of heaters used in this study: a simple
cylindrical heater of LaCrOs (A) and a sectioned heater of graphite (B). Some of the
experiments were also performed with simple cylindrical graphite heaters or with
sectioned LaCrO3 heaters. A disadvantage of using simple cylindrical heaters is the large
axial temperature gradient within a charge. According to measurement by Takahashi gt
al. (1982 ) using the two pyroxene thermometer method, the temperature gradient in the
simple cylindral furnace is as high as 200 *C/mm. The large temperature gradient was
also observed in the early experiments of this study using the simple cylindrical furnaces.
One example is given by the run product from experiment 135 (HSS-15) at 5 GPa and
1770 *C (Figure 3a). In this charge, the area within 0.1 mm of the thermocouple ( hot
spot ) is 100 % quenched liquid ( glass+ quenched olivine ). Towards the cooler end of
the capsule are zones of ol+liquid, ol+cpx-+liquid, ol+cpx+ga+liquid and ol+cpx+ga. A
Jarge thermal gradient may therefore provide useful information on the near liquidus and
near solidus phase relations in one single experimental charge, but it clearly causes a
large temperature uncertainty.

The sectioned heater (Figure 2B, sce also Fujii et al.. 1989) was designed in order
to reduce the thermal gradient, and was used in most experiments. The furnace B is
similar to furnace A, except that the simple cylindrical sleeve of graphite or LaCrO3 is
replaced by three short sleeves. The middle sleeve is made so that its thickness is twice
as large as that of the other two end sleeves. The thermal effect of this type of heater is
similar to that produced by a tapered heater (Kushiro, 1976; Takahashi ¢t al., 1982).

Two ekperiments were carried out with sectioned graphite heaters to map the
temperature distribution within the sample capsules, using the two-pyroxene
thermometer method described by Takahashi et al. (1982). A mixture of crystalline
enstatite and diopside was equilibrated at 5 and 7 GPa and 1500 °C (thermocouple
reading) for 140 and 210 minutes, respectively, and the compositions of the coexisting

pyroxenes were measured at different locations throughout the samples. Figure 3b

10



shows the run products comprising an equilibrium texture intergrowth between
orthopyroxene and clinopyroxene at 7 GPa and 1500 °C. The spatial distribution of Kd
(=(1-X'cy™/(1-Xc)™ ) values and corresponding temperatures according to the Nickel gt
al, (1985 ) thermometer are shown in Figure 4. The variation of the Kd within 1 mm of
the hot end of the capsule ranges from 0.28 to 0.46, and the temperature variation within
the same area is about 50 °C. The temperature uncertainty inherent in thermometer is +
25 °C (Nickel et al., 1985). Independent experiments with a similar furnace design and
two axial thermocouple pairs show that the axial thermal gradient is less than 10 °C/m:n
near the center of the furnace (M. Kanzaki, personal communication ).

The thermometer values at the hot ends of the capsules in both runs are 50-100 °C
higher than the thermocouple reading (Figure 4). This may be due to the local
temperature perturbations related to the resistance pattern of the heater in the area of
thermocouple penetration (Herzberg et al., 1989). It is also possible that the
thermocouple with sleeves represents an avenue for elevated heat radiation from the

furnace.

1 Mole fraction of calcium
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IV. Experimental results

The phase assemblages listed in Table 2 represent the coexist.ng phases observed
within 0.4 mm and 0.10 mm of the hot end of the capsules for sectioned heaters and
simple cylindrical heaters, respectively. In these portions of the samples the temperature
drop from the hot end is less than 25 °C. The run durations, mostly of 5 to 30 minutes (
Table 2 ), were sufficient to produce large ( >20pum ), unzoned and composionally
homogeneous crystals within the liquidus-solidus interval. Figure 3 (a, , d, ¢ ) shows
backscattered electron images of some of the run products. Almost all of the run products
from suprasolidus experiments show an increasing proportion of melt towards the center
of the furnace. Quenched crystals always formed in the liquid portions of the samples.
The distribution of melt ( quenched crystals ) and equilibrium crystals are independent of
whether the sample capsule was above or below the central hot spot, indicating that

gravitational separation is not important.

1. Phase relations

The phase relations of the two types of komatiite are shown in Figure 5. There are
only three solid phases present in the investigated pressure range: olivine (ol),
clinopyroxene (cpx) and garnet (ga). Orthopyroxene is absent even in the subsolidus

region.

K): The liquidus phase is olivine at pressure
below 5.2 GPa, clinopyroxene between 5.2 and 6.8 GPa and garnct above 6.8 GPa. The
komatiitic liquid is cosaturated with olivine and clinopyroxene at 5.2 GPa, and with
clinopyroxene and garnet at 6.8 GPa. The crystallization sequence with decreasing

temperature is ol+liq (liquid)— ol+cpx+lig— ol+cpx+ga+lig— ol+cpx+ga at pressures

12



below the ol+cpx cosaturation point and ga+liq— ga+cpx+liq— ga+cpx+ol+liq—
ga+cpx-+ol at pressures above the cpx+ga cosaturation point. The second crystallizing
phase in the pressure range between the two cosaturation points is olivine and garnet
below and above 6.1 GPa, respectively. The liquidus-solidus interval decreases from

135°C at 4 GPa to 75 °C at 12 GPa.

Al-depleted komatiite (Figure 5. ADK): The changes of liquidus phase with increasing

pressure and the crystallization sequence of phases with decreasing temperature are
similar to those for the Al-undepleted komatiite. The most striking feature of the phase
relationship of Al-depleted komatiite is the high pressures of its ol+cpx and cpx+ga
cosaturation points (at 9.6 and 11.5 GPa, respectively). Moreover, its liquidus
temperature is slightly higher than that of the Al-undepleted komatiite at a given
pressure. Minima of about 50 °C for the liquidus and solidus interval are reached at the

olivine-clinopyroxene axnd clinopyroxene-gamnet cosaturation peints in this type rock.

Liqui h mposition

In order to evaluate the mineral-melt interaction related to partial melting or
fractional crystallization of komatiites, I tried to obtain representative analyses of the
minerals that crystallized in equilibrium with a liquid of composition identical or very
similar to the bulk komatiite. Reconnaissance analyses of the 100 % quenched liquid
portions (hot zones ) of some of the experimental charges in different run durations were
performed in order to investigate whether the bulk composition is maintained within each
segment of the charges. The small scale inhomogeneous quench texture required raster
type analyses covering areas of about 100 um?2. These analyses seem to indicate that
there was no significant mass transportation of the type suggested by Walker et al.(1988)
and Lesher and Walker (1988 ) along the axial thermal gradient in the furnaces within the

run durations used in this study. Based on this observation I analyzed the liquidus
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phases that are located at the border to the 100 % liquid portions of the charges, and in
particular the crystals that are isolated from other crystals by intervening quenched liquid
( e. g. Figure 3c).

Olivine ( see Figure 3¢, d): The olivine compositions are given in Table 3. The forsterite
(Fo) contents of liquidus olivines range from 88 to 93. The Fe-Mg distribution
coefficient (Kd2 (Fe/Mg)) values of the olivines in equilibrium with a liquid of bulk
komatiite composition increases slightly as a function of increasing pressure, except for
the analyses ( HSS-15, 135, 138 ) with Ka value of about 0.6. The other Kd values as
well as the observed increase with increasing pressure are in accordance with the results

by Ulmer (1989) and Takahashi and Kushiro ( 1983 ) (Figure 6).

Clinopyroxene (see Figure 3d, ): The clinopyroxene compositions are listed in Table 4.
They are subcalcic ( mol % wollastonite of 5-19) with highly variable aluminum
contents. The partitioning coefficient (D?aicpruix komuii)of aluminum between
clinopyroxene and komatiitic liquid decreases slightly with increasing pressure in the 4 to
11 GPa range. This is in accordance with the results of Takahashi (1986) and Scarfe and
Takahashi (1986) who found a pronounced decrease in the aluminum content of
clinopyroxene with increasing pressure (Figure 7). The D* cueprsuix komiite) FANEES from

0.45 to 1.73 and is higher at high pressure than at low pressure.

Garnet: Unlike the large and euhedral liquidus olivine (20-80 pm) and clinopyroxene
(10-40 pm) crystals, the garnets are generally small (less than 15 um) and rounded. The

2 Kd=(FeO/MgO)"/(FeO/MgO) ™ komssive
3 Da=(A1203)PY/(A1203) >k komatiite
4 D=(Ca0) P /(CaO) ik kemasie
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liquidus garnet are pyrope dominated, and they contain a significant pyroxene component

(Table 4).
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V. Discussion

The most important findings of this investigation are the following:

a. Al--undepleted and Al-depleted komatiites are cosaturated with olivine and
clinopyroxene at 5.2 GPa and 9.6 GPa, and with clinopyroxene and garnet at 6.8 GPa
and 11.5 GPa, respectively. No garnet is present at liquidus coexisting with olivine.

b. The subsolidus assemblage comprises olivine, clinopyroxene and garnet. No
orthopyroxene was present in the pressure range investigated.

c. The partitioning of Fe and Mg between olivine and komatiitic liquid and the
partitioning of Al and Ca between clinopyroxene and komatiitic liquid are dependent on
pressure.

If the principal assumption, namely that the composition of starting materials
(M620, HSS-15) are representative of nearly primary magma, is correct, these phase
relationships can be used to place some constraints on the origin of Al-undepleted and

Al-depleted komatiites.

1. _Absence of orthopyroxene

The Earth's mantle is dominantly peridotitic at least above the 400 km discontinuity
(Ringwood, 1975; Anderson, 1988 ), and the volumetrically most important phases
down to about 100 km depth are olivine and low calcium orthopyroxene. However, in
the 100-400 km depth range the abundances of clinopyroxene and garnet increase at the
expense of orthopyroxene, whereas olivine remains the dominant phase ( Ito and
Takahashi, 1987 ). Due to the increased solubility of the enstatite component in
clinopyroxene and garnet with increasing temperature and pressure, respectively ( Nickel
and Brey, 1984; Yamada and Takahashi, 1984; Kanzaki, 1987 ), the mineral

assemblages of most peridotites are reduced to olivine, garnet and high calcium
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clinopyroxene at solidus conditions above 3-5 GPa ( Takahashi, 1986; Scarfe and
Takahashi, 1986 ). This is confirmed by the absence of orthopyroxene in our high
pressure and high tcmperatﬁrc experiments ( Figure 5) and the significant enstatite

component of the liquidus garnets (Table 4).

2. Possible residual minerals

The minerals present in the residue of a primary melt will crystallize at the liquidus
of that composition at conditions of melt generation, unless one of the minerals was in
reaction relation with the liquid (Wyllie et al. 1981; Wyllie, 1984 ). The
pseudoinvariant melting of peridotite change from peritectic to eutectic-like at pressures
of about 3 GPa (Irvine and Sharpe, 1982; Herzberg, 1983; Herzberg et al., 1989). The
lack of pseudoinvariant cosatuation points for the two investigated compositions (Figure
5) indicate that they may have been generated along the olivine-clinopyroxene cotectic or
the clinopyroxene-gamet cotectic.

Melting experiments using peridotitic and chondritic compositions have shown that
although the behavior of most mantle minerals varies with pressure and temperature,
olivine is always the last phase which is completely exhausted during melting at pressure
up to 14-16 GPa (Takahashi, 1986; Ito and Takahashi, 1987; Ohtani et _al, 1986).
Therefore, clinopyroxene only, garnet only, or clinopyroxene and garnet should be
rejected as residual assemblages. A large degree of partial melting leaving olivine as the
only residual phase is possible, and has been suggested as a mechanism of komatiite
magma generation ( e.g. Viljoen and Viljoen, 1969a, b; Green, 1975; Jahn et al., 1980;
Nisbet and Walker, 198.). However, the large thermal perturbations required for the
process, combined with the low melt viscosities ( see Arndt, 1977, Nisbet, 1982)
indicate that this is an unlikely scenario.

The compositional variation of various Al-undepleted and Al- depleted komatiites

points to olivine and /or clinopyroxene control during melting or later fractionation
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(Cawthorn and Strong, 1974; Bickle et al,, 1977, Nesbitt et al,, 1979, Smith and
Erlank, 1982). In Figure 1, the compositions of experimental liquidus phases are plotted
along with the compositions of representative komatiite samples in Al203 and CaO
versus MgO variation diagrams. The liquidus olivine and clinopyroxene compositions
plot close to the least squares linear regression lines for these komatiite compositions,
whereas the garnet compositions deviate significantly from the lines, indicating that

garnet crystallization was not important in the generation of the compositional spectra.

Least squares mass balance modelling using the pyrolite and KLB-1 compositions
(Table 1) as source rocks, the AUK (M620) and ADK (HSS-15) as derivative liquids
and various olivines and clinopyroxenes (Table 3 and 4 ) as residual phases, suggests
that 10-30 % partial melting of a mantle source leaving residues comprising about 65 %
olivine and 35 % clinopyroxene could yield the komatiitic liquids. Considering the
subsolidus assemblage (Figure 5) and such melt fractions, it is possible that small
amounts of garnet which were likely present in the AUK source, were consumed by
melting. This will explain the Al- and HREE undepleted nature of this komatiite (Table
D).

High MgQ conten A valu

If, as suggested above, the two types of komatiite were formed by melting at
olivine-clinopyroxene liquidus cosaturation points at 5.2 GPa (about 160 km) and 9.6
GPa (about 300km), respectively, it would be tempting to explain their compositional
difference by contrasting residual mineral chemistry at different pressures. The critical
compositional difference between AUK and ADK, the higher MgO content and the
higher Ca/Al ratio in the ADK ( see Table 1 ), must be addressed.

O'Hara et * (1975), Herzberg and O'Hara (1985) and Herzberg and Ohtani

(1988) have ap, .ched the problem of high magnesium contents of komatiites using
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the CMAS (CaO-MgO-A1203-8i02) polybaric liquidus phase diagrams. They found that
the komatiites were distributed along a line formed by pseudoinvariant points toward
the olivine corner (Figure 8), suggesting that the compositional spectrum of komatiites is
caused by pseudoinvariant melting of mantle peridotites at different pressures. The
starting materials used in this study are also projected in Figure 8. The compositions of
M620 and HSS-15 plot near pseudoinvariant points (ol+py-+ga-+l) at about 5-6 GPa and
9-10 GPa, respectively. The agreement between the positions of the starting materials in
the CMAS diagram and the pressure conditions of their olivine+clinopyroxene
cosaturation points (See Figure 5) confirms that the more magnesian liquids could have
been formed at higher pressures by partial melting of the same peridotitic source as the
less magnesian ones. The increasing Kd(FeMg) between olivine and liquid with
increasing pressure (Figure 6) also supports this view.

It should be noted, however, that no pseudoinvariant point with simultaneous
liquidus saturation of all of the subsolidus phases (ol+cpx+ga) is found along the liquidi
of either the Al-undepleted or Al-depleted komatiite. The absence of garnet from the
olivine+clinopyroxene cosatmation points suggests that the komatiites were not formed

at, but near, the pseudoinvariant points of peridotites.

Olivine contains insignificant amounts of aluminum and calcium (Table 3), and
clinopyroxenes in equilibrium with melts at peridotite solidi and komatiite liquidi show
nearly constant Ca-content and decreasing Al-content with increasing pressure (Scarfe
and Takahashi, 1986, Takahashi, and the results in Table 4 and Figure 7). The
increasing Ca/Al ratio from the AUK to ADK can therefore not be explained by the
residual olivine-clinopyroxene control at different pressures during melting of the same
source composition. Garnet control seems to be required to explain the compositional

difference since the DAlgabulk komatiite) is much higher than DCa(ga/bulk komatiite) ( see
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Table 4), but this phase is clearly absent at the olivine-clinopyroxene cosaturation points
(Figure 5, ADK).

In order to reconcile the chemical characteristics of the ADK with its observec’
liquidus relations, this author favour a pre-melting garnet fractionation model shown in
Figure 9 which is similar to those of Green (1975 ), Ohtani ( 1984 ), and Takahashi and
Scarfe (1985). In this model, gamets are gradually segregated from the upper portions of
rising, partially molten peridotite diapirs. Gamet is significantly denser than olivine and
pyroxene ( about 3.7 g/cm® versus 3.3-3.4 g/cm® at 10 GPa according to Ohtani, 1984,
1988 ), and is probably also denser than ultrabasic silicate liquids in the 10-15 GPa
pressure range. Olivine, and possibly clinopyroxene may have densities. similar to or
slightly lower than that of the interstitial melt at these pressures (Herzberg, 1987a, b;
Agee and Walker, 1988). Such density relations will favour relative sinking of gamet
crystals in a rising diapir containing a small melt fraction. When the melt fraction in the
top of the diapir is sufficient for melt extraction, the liquid composition will be buffered
by an olivine-clinopyroxene residue and have a garnet depleted signature (i.e. low Al,
HREE).

The phase relations of the ADK indicate that the melt may have separated from its
diapir at a pressure of 9.6 GPa (300 km depth). This could represent the pressure of
density crossover between a komatiitic melt and an olivine dominated residue (see
discussions by Nisbet and Walker, 1982; Herzberg, 1987a, b; Agee and Walker, 1988).
The model presented in Figure 9 implies, however, that the diapir sources of Al-
undepleted komatiites would have started to melt above the density crossovcf since the
geochemical characteristics of AUK requires no fractionation of garnet from the its

source.
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VI. Conclusions

The main difference between the phase relations of the AUK and ADK is the
pressure of the liquidus cosaturation points. Olivine is liquidus phase up to 5.2 GPa in
the AUK and 9.6 GPa in the ADK. The appearance of a 1-2 GPa interval of
clinopyroxene as liquidus phase between the olivine and the garnet portions in both of
the compositions, combined with the assumption that olivine was a residual phase during
komatiite melting, indicat=s that garnet is not a residual phase following the melt
separation of either the AUK or the ADK. Assuming that both of the komatiites
represent near primary melts, I favour melting under the conditions of the olivine-
clinopyroxene cosaturation points corresponding to 160 and 300 km depth for the AUK
and ADK, respectively.

Small amounts of garnet originally present in the source peridotites were likely
consumed by the estimated 10-30 % melting to form these komatiites. The Al-depleted
signature of the komatiite formed at about 9.6 GPa is ascribed to garnet fractionation in a
rising diapir prior to melt separation. The pressure of ADK melt separation from the

peridotite source may mark a density crossover between olivine and komatiitic melts.
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Table 1 General Features of Al-undepleted and Al-depleted
komatiites and Compositions of Starting Materials

Oxides (wt%) M620* HSS-15%# AUK* ADK* Pyrolite® KLB-1¢ CI*

SiO2 45.60 46.717 45.90 47.16 45.20 44.48 33.64
TiO2 0.40 0.33 0.41 0.38 0.71 0.16 0.11
A2O3 7.95 342 197 4.09 3.54 3.59 2.42
FeO(t) 12.66 11.26 11.07 12.01 8.47 8.10 36.20
MnO 0.20 0.19 0.21 0.20 0.14 0.12 0.38
MgO 25.00 31.51 26.38 27197 37.48 39.22 24.23
Ca0 7.60 5.67 7.74 6.61 3.08 3.44 1.92
Na20 0.01 0.12 0.43 0.37 0.57 0.30 1.00
K20 0.02 0.08 0.09 0.04 0.13 0.02 0.10
Mg# 71.9 83.3 80.9 80.6 88.8 89.6 54.4

CaO/ARO3  0.96 1.66 0.97 1.62 0.87 0.96 0.79
ALO3/TiO2 19.9 10.4 19.4 10.8 499 224 22.0

(La/Sm)n 0.4-0.8f ~1! 1
(Gd/Yb)n ~1t  ~143f 1
/Y 2.5 2.8-4.6 2.5
Ti/Zx 110 100f 111
Ti/Sc 79 110 75

Note: AUK=Al-undepleted komatiite; ADK=Al-depleted komatiite; C1= mean C1
chondrite; Mg#=[Mg/(Mg+Fe)] x100. *: Analyses normorlized to 100% on a volatile free
basis. Source: M620: Arndt and Nesbitt (1984); HSS-15: Smith and Erlank (1982); a:
average of 22 samples from Nesbitt et al.(1979); Amndt and Nesbitt (1984); Cattell and
Amdt (1987 ) and Nisbet et al. (1987); b: average of 18 samples from Nesbitt et al, (1979)
and Smith and Erlank (1982 ); ¢: Ringwood (1966 ); d: peridotite (Takahashi, 1986 ); e:
calculated oxides normalized to 100 % from the atomic abundances of Anders and Grevesse
(1989), f: Nesbitt et al.(1982 ).
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Table 2 Experimental Conditions and Results
Run# P T* Time Heater Container Result
(GPa) (°C) (min.) AUK(M620) ADKHSS-15)

1 206 4.0 1600 25 B C ol+cpx+ga ol+cpx+ga

2 202 40 1650 65 B C ol+cpx+gat+l  ol+cpx+ga+l

3 138 4.0 1700 5 A C ol+cpx+l ol+cpx+l

4 234 4.0 1780 10 B C 1 1

5 212 5.0 1700 60 B C ol+cpx+ga+l  ol+cpx+ga+l

6 236 50 1750 10 B C ol+cpx+l ol+cpx+l

7 135 5.0 1770 5 A C ol+l ol+

g§ 218 5.0 1800 5 B C | 1

9 260 5.5 1780 5 B C ol+cpx+l

10 197 6.0 1700 26 B C ol+cpx+ga ol+cpx+ga
11 220 6.0 1750 30 B C ol+cpx+ga+l  ol+cpx+ga+l
12 168 6.0 1800 10 B C cpx+ga+l ol+l

13 189 6.0 1820 10 B C cpx+l ol+

14 192 6.0 1850 20 B C 1

15 225 7.0 1750 13 B C ol+cpx+ga+l  ol+cpx+ga
16 136 7.0 1780 4 A C ol+cpx+ga+l  ol+cpx+gatl
17 270 7.0 1810 5 B C cpx+ga+l
18 156 7.0 1830 7 B C ga+l ol+
19 127 7.0 1850 15 A C 1 1
20 227 9.0 1790 8 B Mo  ol+cpx+ga ol+cpx+ga
21 244 9.0 1820 5 B Mo  ol+cpx+ga+l  ol+cpx+ga+l
22 263 9.0 1835 5 B Mo  cpx+ga+l
23 152 9.0 1860 6 B C ga+l ol+l
24 257 10.0 1800 6 B Mo  ol+cpx+ga+l  ol+cpx+ga
25 247 10.0 1860 5 B Mo ga+l ol+cpx+l
26 275 11.0 1875 4 B Mo cpx+l
27 245 120 1800 5 B C ol+cpx+ga ol+cpx+ga
28 242 12.0 1900 5 B Mo 1 ga+l

Note: A: simple cylindrical heater; B: sectioned heater (see text ); C: graphite; Mo:
molybdenum,; ol: olivine; cpx: clinopyroxene; ga: garnet; I: quenched liquid.
*: thermocouple reading
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Figure 1: Weight percent oxide variation diagrams for
representative samples of Al-undepleted komatiites (AUK) and
Al-depleted komatiites (ADK)

Solid squares: komatiites, upper diagrams (AUK): from Munro Township.'
Ontario (Arndt and Nesbitt, 1984; Arndt et al,, 1977; Nesbitt ¢t al,,1979), Newton
Township, Ontario ( Cattell and Amndt, 1987 ), Belingwe greenstone belt, Zimbabwe (
Nisbet et al., 1987 ); lower diagrams ( ADK ): from Barberton Mountain Land, South
Africa (Nesbitt et al., 1979; Smith and Erlank, 1982 ). Solid diamonds: starting material
compositions ( see Table 1), AUK: M620, ADK:‘HSS-IS. Solid triangles: peridotite
compositions (see Table 1 ), pyrolite and KLB-1. Open squares: liquidus olivine
compositions ( see Table 3 ), AUK: runs 138 and 260, ADK: runs 138, 135, 168, 156 and
247. Open circles: liquidus clinopyroxene compositions ( see Table 4 ), AUK: run 260,
ADK: runs 38, 247 and 275. Open triangles: liquidus garnet compositions (Table 4 ),
AUK: run 247, ADK: run 242. The lines are least squares regression fit to the komatiite

composition only.
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Figure 1
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Figure 2 Cross section of the furnace assemblies

A: Simple cylindrial furnace. B: Sectioned furnace. The experiments were also carried out using simple
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cylindrical graphite heaters and sectioned LaCrO3 heaters.
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Figure 3 Back scattered electron SEM photomicrographs of

run products

’, .3‘“‘&:.’
NG

(a) (run 135, HSS-15): Distribution of the zones of quenched liquid, quenched
liquidus-+solids and only solids in a run product from an experiment using a simple
cylindrical heater (Figure 2A). The lower line is the liquidus and the upper line is the
solidus. 1 and liquid: quenched liquid, ol: olivine, cpx: clinopyroxene, ga: garnet. l+ol+cpx
marks the location of the first clinopyroxene appearance and l+ol+cpx+ga marks the
location of the first garnet appearance with increasing distance from the hot end of the

sample.
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(b) ( run 245, a mixture of pure enstatite and diopside); equilibrium intergowth
texture of orthopyroxene ( opx ) and clinopyroxene ( cpx ) from a 210 minute long
experiment at 7 GPa, 1500 °C, using a sectioned furnace (Figure 2 B ).

(¢) (run 156, HSS-15): coarse, euhedral and unzoned liquidus olivines.

Figure 3



(d) (run 260, m620): coarse, euhedral and unzqncd olivines (ol) and

clinopyroxenes (cpx) coexist with liquid (g-lig).
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Figure 3

(e) (run 275, HSS-15): coarse, unzoned clinopyroxene (cpx) in equilibrium
with a liquid (g-liq)
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Figure 4 Temperature distribution within two-pyroxene
charges from an experiment at 1500 °C (Thermocouple reading)
and 7 GPa using a sectioned graphite heater (Figure 2B)

The numbers shows the locations of two coexisting pyroxenes and their Kq(1-
Xca)P/(1-Xca)*. Light stippled lines indicate temperature contours, and heavy stippled
lines are the outside walls of the graphite capsules. See text and Figure 3b for further
explanations.
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Figure 5 Phase diagrams of the Al-undepleted ( AUK ) and Al-
depleted ( ADK ) komatiites ( samples M620 and HSS-15,
respectively).

The curved lines indicate the disappearance of the phases olivine (ol),

clinopyroxene (cpx ) and garnet ( ga ) with increasing temperature and melt fraction.
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Figure 7 Al203 content of the clinopyroxene as a function of

pressure
Solid squares: Data of this study (Table 4); Solid circles: Takahashi (1986). The

regression line is based on the 4 solid square data points.

35



9¢

"Sreuazewt Sunaelg :siop 9816 edn €1 01 £°0 Jo samssaxd e syurod juerreauropnasd :sSury ‘solmewioy

1S10p [rewS "(8861) eIy pue S19qzIS] ur se swes oY) oxe syutod eiep 9y, (896 1)eIRH,O JO poyiowr pajsaford
(z01S-c0AV-03-08D) SVIND WISAs 3y} ul £§Ty-£§2)
-SZIAl dueld 3y} ojuo (SIN) dNeIsud wody pajddford suonisedurod mewoy] § MY

€STO
oumds-aurAro
ST 01 0t 0¢

spisdoiq
A




Figure 9 Schematic diapir model for the origin of Al-undepleted
and Al-depleted komatiites

The peridotite solidus and liquidus are from Herzberg et al. (1989). The lines
marked 1° and 2° represent adiabatic gradients for rising peridotite diapirs of 1 *C/kbar and
2 *C/ kbar, respectively. The arrows indicate the separation of the AUK and ADK liquids
from the source. A possible density crossover is indicated at about 300 km

(Preridoise=Promuinic iquid) at which the density of an ultramafic liquid is close to that of olivine.
Garnet is the only phase denser than the liquid between 300 and 400 km depths. Al-
depleted komatiites were formed by partial melting of a peridotitic diapir which started to
melt at depth greater than that of the density crossover, whereas Al-undepleted komatiite
were formed by partial melting of a peridotitic diapir starting to melt above the density
CrOSSOVET.

The garnet fractionation from the rising ADK-diapir is facilitated oy:

1. The high density of the ultramafic liquid below about 300 km;

, 2. The near coincidence of the adiabatic path (1-2 *C/kbar) and the peridotite

solidus.

These factors prevent efficient melt separation from the rising diapir below about
300 km depth. The adiabatic path of the AUK-diapir intersects the solidus at a greater angle
than that of the ADK-diapir.
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