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Abstract

Phase equilibrium experiments on two synthetic komatiite compositions have been used
to develop a liquidus diagram that allows prediction of phase appearance sequences and
crystallization paths for Munro Township komatiite lava flows. The experimentally
determined phase relations and the observed mineral associations in thick, layered
komatiite flows (e.g, Fred's Flow and the Alexo Flow) provide information on the bulk
composition of these Munro komatiite lavas, the liquid line of descent and the magmatic
processes that accompanied cooling and differentiation. Under equilibrium conditions a
lava with bulk composition similar to that of Fred's Flow or the Alexo Flow should
crystallize olivine as the liquidus phase, followed by spinel, pigeonite, plagioclase and
finally augite. Komatiite lavas which have crystallized pigeonite as the first pyroxene are
restricted to a limited range of bulk magma compositions. Cooling rate experiments
reproduce successfully the mineral assemblages, the pyroxene zoning trends and the
general textural characteristics of the olivine and pyroxene spinifex zones. In the upper
part of the lava flow fractional crystallization of olivine moved the residual liquid
composition into the pigeonite primary phase volume. Pigeonite crystallized, the liquid line
of descent departed from equilibrium and augite and plagioclase crystallized under
supercooled conditions. In the interior of these flows, within-flow magma mixing may have
been important during the later stages of solidification, if the flow solidified under closed-
system conditions.

Introduction

Komatiitic lavas from the Munro Township, northern
Ontario display unusual bulk chemical variations and
mineralogical associations that have been difficult to
reconcile through any simple origin by fractional crystalli-
zation during cooling and differentiation. Two Archean
lava flows of northern Ontario, Fred's Flow and the
Alexo Flow have been studied extensively by Arndt and
coworkers, and are the subject of this experimental
study. The most unusual characteristics of these layered
flows are the pyroxene associations. Augite is found in
the olivine spinifex layer, pigeonite and augite in the
pyroxene-spinifex layer and orthopyroxene and augite
assemblages are found in the interior gabbroic portion
and lower cumulus layers. The purpose of this experi-
mental study is to determine the l-atmosphere phase
relations for these komatiites and to use this information
to infer the magmatic processes that have combined to
produce the observed mineral associations. In the follow-
ing discussion we describe the phase relations determined
using synthetic analogs of komatiite lavas, then we pre-
dict the crystallization sequence that would be expected
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during cooling and crystallization of the komatiite lava
parental to Fred's Flow and the Alexo Flow. Next, we
show how kinetic factors influence the phase appearance
sequence and mineralogy and finally we present a model
for the crystallization and differentiation of Fred's flow.

Both of these komatiitic lava flows developed layering
during differentiation and cooling. In Fred's Flow the
layering has been divided into four zones by Arndt et al.
(1977): a brecciated or spinifex upper unit, a gabbroic
interior, a lower cumulate zone and a basal zone (Fig. 1).
The upper chilled margin consists of a brecciated olivine
porphyry, which overlies spinifex-textured rock that con-
tains skeletal olivine phenocrysts in a glass + augite
groundmass. Below this olivine-spinifex zone is a thicker
pyroxene-spinifex layer. The pyroxene phenocrysts are
internally skeletal with pigeonite cores and augite rims
and are enclosed in a groundmass of augite and plagio-
clase. The second zone is gabbroic and contains plagio-
clase, augite and bronzitic orthopyroxene. This gabbroic
unit lies on a cumulate of augite and bronzite which is
underlain by a thick olivine cumulate zone. The basal
border zone of the flow consists of medium-grained
olivine in a groundmass of augite, plagioclase and altered
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Fig. l. Cross section of Munro Township spinifex layered
komatiite flows showing the stratigraphic zones described in
Arndt et al. (1977). Cooling rates for the upper portions of the
flow are infened from the pyroxene compositions produced in
dynamic crystallization experiments. Abbreviations for the
phases are found in footnote to Table l.

orthopyroxene. Detailed descriptions of these lava flows
may be found in Arndt et al. (1977), Arndt (1977) and
Arndt and Fleet (1979).

Sample selection

One important problem that must be solved before any
experimental study of Archean komatiites can be undertaken is
to determine the bulk composition of the lava flow. We used two
bulk compositions for our investigation. The first (composition
A, Table 3) was an estimated bulk composition of Fred's Flow
made by averaging the analyses of the Al zone of two drill
sections through a peridotitic komatiite flow (Arndt et al., 1977 ,
Table 6). The Al zones of these flows had well-developed
spinifex textures. From this bulk composition estimate, olivine
was removed by a fractional crystallization calculation until a
Fo35 olivine was on the liquidus, and this evolved liquid was used
as the starting composition. The second starting composition
(composition B, Table 3) was made by averaging seven analyses
of the 82 zone of two drill sections through the same flows
described above. The 82 zones are olivine cumulates which
consist of equant olivine in a matrix of pyroxene and devitrified
glass. From this average composition, olivine was removed by
calculation until the composition was in equilibrium with Foe6
olivine.

The major uncertainties in estimating the bulk compositions of
large differentiated lava flows, like Fred's Flow, are three: (l) the
chilled margins, which should represent a liquid composition are
rubbly, brecciated and weathered, and are highly suspect, (2) the
flow interior is highly differentiated and it is possible that the
interior zones are cumulates or crystal l ine residues of
fractionation that are not representative of liquid compositions,
and (3) alteration by seawater and metamorphism may have
changed the rocks' compositions. These factors have probably

atrected the compositional integrity of most of the layers in these
ancient komatiite flows, and one of the results of this study will
be to suggest compositional limits on the parent magma for
Fred's Flow and the Alexo Flow. We will also suggest some
guidelines for estimating the bulk compositions of diferentiated
ultramafic lava flows based on the mineralogy of the
differentiated layers.

Experimental petrology

Experimental and analytical methods

The compositions chosen for the experimental investigation
were prepared as oxide mixes using Johnson-Matthey high purity
SiO2, MgO, Al2O3, TiO2 Cr2O3 and MnO. The alkalies were
weighed in as NaSiO3 and K2SioOe and CaO was added as
CaSiO3. Iron was added as FeO using Fe sponge and Fe2O3.
Each oxide mix was ground in an agate mortar for 6 hours, the Fe
sponge was added and the mix was ground an additional 1.5
hours. The resulting homogeneous oxide mixes were pressed
into discs using an XRF pellet press with elvanol as a binder.
Small chips (25 to 45 mg) were broken from the oxide discs and
used for the experiments. The chips were sintered with an
oxygen-natural-gas torch to 0.(M" diameter FePt alloy loops
that were fabricated following the method of Grove (l9El) to
contain 9 to l0 wt.Vo Fe. This alloy minimized iron exchange
between the silicate charge and the loop. The loop and sample
were suspended in the hotspots of Deltech DT3IVT quenching
furnaces in atmospheres of CO2-H2 gas. Temperature was
monitored using Pt-RhlO thermocouples calibrated against the
melting points of gold and palladium on the IPTS 1968
temperature scale. Oxygen fugacity was monitored using ZrO2-
CaO electrolyte cells calibrated at the Fe-FeO and Ni-NiO
bufers. The results of synthesis experiments performed near the
quartz-fayalite-magnetite (QFM) buffer are presented in Tables
I and 3. Cooling rate experiments (Table 2) were performed by
melting the starting mix at an initial temperature specified in
Table 2. The run was then cooled at a linear rate and terminated
at a desired temperature by quenching into water. Cooling rate
control was achieved using Eurotherm 125 temperature
programmers wired into the control thermocouple circuit of the
furnaces. The programmer added a linear signal at a desired rate
to control temperature drop.

Compositions of phases were obtained with the MIT 3-
spectrometer MAC-5 electron microprobe using on-line data
reduction and matrix correction procedures of Bence and Albee
(1968) with modifications of Albee and Ray (1970).

Phase relations and liquid line of descent

Olivine is the liquidus phase in composition B (Fig. 2)
at - 1366"C. Spinel joins olivine at 1320'C, and pigeonite
appears in the crystallization sequence at 1205"C, after
about 20Vo solidification. By 1185'C plagioclase has ap-
peared as a crystallizing phase. The liquidus was not
determined for composition A, but olivine and spinel are
both present at 1250'C, the highest temperature experi-
ment performed on this composition. The first pyroxene
to form is augite at -1195'C, and plagioclase has joined

the crystallization assemblage at ll80"C.
The compositions of liquids produced in the l-atmo-

sphere experiments were recalculated from wt.Za oxides
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Table l. Run conditions and run products for synthetic
komatiitic compositions.

Dulat lon Runt
R u n  #  T  ( ' C )  ( h r s . )  P r o d u c t r log f02

C o D p o s l t l o n  A

diagram which is similar to that found in FeDi-Qtz by
Kushiro (1972) andby Grove et al. (1983) for the tholeiitic
and calc-alkaline natural system. A difference from the
topology of Grove et al. (1983) is that a thermal divide is
absent on the ol-pigtplag reaction curve (see Grove et al.
(1983) for a discussion).

Discussion

P r e dic t e d c ry s t allizat ion s e qu e nc e for komat iit e

flows

For composition B crystallization begins with olivine as
the liquidus phase followed by spinel. As shown in Figure
3 crystallization of olivine and spinel moves the liquid
away from the projection of the bulk composition of B
toward the olivine-pigeonite reaction curve. When the
liquid reaches the curve, olivine and liquid react to form
pigeonite, and under equilibrium conditions the liquid
follows the reaction boundary toward the piercing point
where plagioclase and augite join the crystallization as-
semblage. The projected position of the liquid will remain
at this piercing point, until solidification is complete,
olivine + liquid reacting to form pigeonite, augite and
plagioclase. For composition A, the later phase appear-
ance sequence differs in the order ofpyroxene crystalliza-
tion. After crystallization of olivine and spinel the liquid

Table 2. Results of cooling rate experiments on synthetic
komatiitic composition B.

durattotr
R u n *  T o C  ( t r r g , )

duretlon Rlte Ruot
T fh ( frrs.)  'C/hour Pioductr

Conposltloo B

4 t I73  t36 .2
2 LL76 7L.9
3  1184 93 .7
1  1196 45 .2
5  1206 2r .3
6 t225 25.L
7 L244 21.8

L7 1255 23.9
L2 L270 18 .2
16 L294 25.2
25 1304 31 .9
24 1321 22 .8
3I L347 24.2
35 1359 10 .  1
3 4  I 3 7  I  1 6 . 0

g1- p1-aug-oI- sp
g1-aug-o l - .p
g l -o l -  sp
g l -o1-  sp
gI -o I -sp

gI -  p1-  p lg -o1-  sp
gI -p l -p tg -o1-sp
g1-  p lg -o1-  sp
gI -  p lg -o1-  sp
gI -o1-sp
g 1 - o 1 - s p
gL-  o1-  sp
g l -o l -  sp
g I -  o I -  sp
g l -o1-  sp
g l -  o  1 -  sp
g 1 - o l - s p
g l -  o l
g l -o1
gI

1 I 7 3
1187
L202
t223
!247

2 J . 6

4 6 . 8
4 7  . 7

-8 .  78
-8 .74
- E . 4 6
-8 .  19
- 7 . 8 1

- 8 . 9 4
- 8 . 6 8
- 8 . 5 8
- 8 . 4 1

- 8 . 0 3
- 1 . 1 9
- 8 . 0 2
-7  .80

- 7 . 3 8

-6 .42
- 6 , 7 2
- 6 . 5 6

* 
Abbreelet lons: gl 'quenched l lquld, ol-ol tvtn€,
s p = s p l n e I ,  p l g = p l g e o o l t e ,  a u g = a u g l t e ,
p I - p l a g l o c l a s e .

into oxygen-normalized mole units of the components
olivine (ol), clinopyroxene (cpx), plagioclase (plag), or-
thoclase, silica (qtz) and spinel. This six-component
system was simplified by projecting into the tetrahedron
ol-cpx-plag-qtz and further simplified by projection
through plag into the ol--cpx-qtz pseudoternary (Fig. 3.).
This ternary subprojection will be used to discuss the
compositional variation followed during diferentiation of
komatiite flows. The discussion must be approximate,
because it is impossible to be completely rigorous when
one has simplified ten-component space into 3 or 4
components by projection. One limitation of the ol-cpx-
qtz subprojection is that most of the liquids displayed on
the projection are not plagioclase-saturated, so the sub-
projection is not strictly valid. We feel that the projection
provides a useful visual representation of the liquid-line-
of-descent, and therefore we retain it. The residual liquids
from the experiments performed on the two komatiite
bulk compositions locate portions of the ol-cpx-plag
cotectic and the ol-pig-plag reaction curve. The koma-
tiite system boundary curyes are close, but shifted slight-
ly toward the olivine corner of the projection when
compared to the l-atmosphere plagioclase-saturated co-
tectics and reaction curves located by Walker et aI. (1979)
and Grove et al. (1982) for tholeiitic and calc-alkaline
systems. Since the komatiites are much lower in TiOz,
Na2O and K2O, such differences in the projected posi-
tions of saturation surfaces are not surprising. We have
sketched in a topology for the l-atmosphere komatiite

T Experldentc wcEe held at sn lnl t l6 l  tenpeEeture for th.  lndleatad
t loe (hours),  then cooled at the speclf led Eete ead quetrched lnto
csler at T f l t r .  Tedperotuaes glv€n lo oC.

r 
AbbEevl! t {of ,s!  ol-ol lv lnc, rp-splnel,  ptg-ptgeonlte,  aug r l reuglte
r lE, pl-pleg{oclese, el-bl l lce, gl-q{€ncheal l tqutd. Th€ phes6s
lndlceted seEe 10 contect wlth th€ l lquld, ercept for the pl8Gotr l te
pha3e sheB mntled by augl. te.

9 1 5

1 l t 2

I  I 6 6

1200
980

r050

t I 0 0

l l88
IOOE

3 . 6

6 . 4I8

1292

t292

3 2  1 2 9 0  2 . 3

r l  1267 6.4

15 1270 1.4

L3 t270 1.4

14 t270 I .4
2 2  1 2 7 3  2 . 6

2 t  L 2 7 2  2 . 6

3 9  1 2 8 8  t , 2
4 0  1 2 8 8  1 . 2
3 7  1 2 8 8  2 . 5

2 A  1 2 8 8  8 . 7

3 0  1 2 8 8  1 . 5

6 7  2 . 6

2 E I . 5

304.7

161.  E

242,9

189.7

9 3 , 3
9E .4

1 0 9 5  6 6 . 8

1 1 4 9  5 1 . 9
t204 31.5
9 5 9  3 6 . 5

1 0 6 4  3 3 . 5

r r 2 3  2 0 . 1

1 1 7 5  l 2 . E
1 I E 7  L z , O
9 2 0  3 . 7

O.47 oI-cp-plg-6sg
rld-p1-aI

0.57 oI-sp-p1g-.u8
rto-pI-gI

0.41 ol- !p-plg-.ug
r ld-81

0 . 4 5  0 1 - 6 p - p l t - q I
0.97 ol- !p-plg-.ug

r ln-pl-gl
0 . 9 1  o l - ! p - p l g - . u g

r ln- pI-  ! l -81
0 , 9 0  o 1 - r p - p l g - e u g

rl [ -8I
0.E8 ol-rp-ptg-gl
2 . 6 9  o l - s p - p l g - . u g

tto:91
2.65 ol-rp-ptg-.ug

r ln-gl
2 . 6 8  o I - s p - p t g - g l .
2 . 5 5  o I - ! p - g l
9.03 oI- !p-pl t-aug

rt  o- gl
6.68 o1- ap- plg-6ag

rto-91
4.24 ol-sp-pl8-.ug

r lo-gl
8 . 8 1  o l - ! p - p l A - 9 1
8 . 4 3  o I - s p - p t g - A l

94.6 ol-sp-.ug-gl

2 9  1 2 8 8  1 . 5
3 8  1 2 E 8  2 . 5
36 L270 1.1
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Table 3' Bulk compositions of synthetic komatiites used for experiments and electron microprobe analyses of run products from l-
atmosphere experiments. See Table I for run conditions and abbreviations.

N a 2 O lrgo AI2O3 StO2 Kzo TtO2 Cr2o3

43

c o n p .  A ,  b u l k
c o o p .  B ,  b u l k

Rrn # of

+ phase qmlyses

Conposlt lor A

#3 g I
o l
aug
p l

f5  g l
o I  4

# I g l 5
o l  2

* 2 s l 4

* 4 g 1 5
o l

C o p p o g l t l o n  B

# 4 s l 6

0 . 8 1
0 . 3 7

L 2 . 6
t 7  7

0 . 5 3  ( 3 ) '  7 . e 2  ( 1 r )
39.2 (4)

o .02  (1 )  r 8 .4  ( 4 )
o .7 r  ( 3 )  0 .46  (10 )

0 .4s  ( 5 )  8 .43  (8 )
3e .4  ( 6 )

0 .42  (5 )  e .09  (17 )
4 r . 7  ( 1 )

0 .45  ( s )  e .eo  (8 )

0 .53  (3 )  r o .8  ( r )
43.2 (2)

0 . 5 7  ( 5 )

0 . 6 3  ( 7 )

0 , 2 9  ( 5  )

0 . 3 0  ( 4 )

0 . 2 8  ( 5 )

4 0 .  r  ( 2 )
2 5 . 6  ( 3 )
0 . 6 3  ( r 2 )

42 .3  (9 )
2 8 . 0  ( 7 )

e . 3 8  ( 1 8 )
4 4 . 1  ( 7 )
3 r . 3  ( 3 )

e . 6 8  ( 7 )
45 .4  (4 )
3 0 . 6  ( 3 )

r o . 5  ( r )
4 3 . 3

1 0 . 6  ( 2 )
4 4 . 3  ( 5 )

1 r . 7  ( r )
4 4 . 3  ( 7 ,

o . 2 7

0 .  3 1

o . 2 7

1 1  . 6
r 0 . 6

49.2  0 .  13
5 0 . 1  0 , 0 7

1 3 . 0  ( 2 )  5 0 . 6  ( 6 )  0 . 1 0  ( 2 )
0 . 2 2  ( 2 )  3 8 . 4  ( 3 )
2 . 5 4  ( 2 5 )  5 2 . r  ( 4 )

3 3 . 5  ( 6 )  4 5 . 5  ( 3 )  0 . 0 5  ( r )

1 2 , 7  ( r )  5 1 . r  ( 2 )  0 . 1 4  ( 2 )
0 . 5 0  ( 4 6 )  3 8 . 2  ( 8 )

1 2 . 8  ( 1 )  s 0 . 4  ( 1 )  o . 0 7  ( r )
o , 1 2  ( r )  3 9 . 3  ( 3 )

1 2 . 5  ( 1 )  4 e , 7  ( 2 )  o . 0 8  ( r )

1 2 . 2  ( 1 )  4 e , 1  ( 2 )  0 . 0 5  ( r )
0 . 1 0  ( 2 )  3 9 . 7  ( 1 )

1 2 . 7  ( r )  5 0 . r  ( 2 )  o , 2 2  ( 2 ,
o . r 0  ( 5 )  3 8 . 6  ( 3 )
1 . 4 6  ( r r )  s 4 . 0  ( 4 )

3 3 . 4  ( 3 )  4 5 . 4  ( 3 )  0 . 0 7  ( 2 )

1 3 . 5  ( r )  5 r . 2  ( 7 )  0 .  u  ( 2 )
o .  3 7  ( 2 6 )  3 e . 5  ( 7 )
r . 7 4  ( 3 0 )  5 5 . 3  ( 3 )

1 3 . 9  ( 1 )  s r . 9  ( 6 )  o . 1 0  ( 2 )
0 . 1 2  ( s )  3 9 . 6  ( 2 )
2 . 1 6  ( 5 3 )  s 5 . 4  ( 5 )

1 3 . 8  ( r )  s r , e  ( 6 )  0 . r o  ( 2 )
0 , r o  ( 3 )  4 0 . 3  ( 3 )
1 . 8 5  ( 2 5 )  5 5 . 6  ( 5 )

1 2 . 6  ( 1 )  5 1 . 7  ( 7 )  0 . 0 8  ( r )
0 , 0 8  3 9 . 8

1 2 . 8  ( r )  5 2 . 4  ( 7 )  o . o e  ( r )
0 . r s  ( e )  3 9 . 6  ( 6 )

L 2 . 2  ( 3 )  5 1 . 5  ( 5 )  0 , 0 8  ( r )
0 , 1 5  ( r )  3 e . 6  ( 4 )

1 2 . 2  ( 3 )  0 . 4 r  ( 2 )  0 . 0 5  ( 5 )
0 . 4 8  ( r )  0 . 1 5  ( 1 )

1 6 . r  ( 7 )  0 . 0 3  ( 2 )  0 . 8 4  ( e )
1 8 . 6  ( 3 )

1 2 . 6  ( r )  0 . 3 8  ( 2 )  0 . 0 6  ( 2 )
0 . 4 5  ( r )  o . 0 8  ( 1 )  o . s 8  ( 4 3 )

1 2 . o  ( r )  0 . 3 3  ( 2 )  o . 1 0  ( 2 )
0 . 4 2  ( 6 )  o . 2 o  ( 8 )

1 1 . 7  ( r )  0 . 3 5  ( 2 )  o . 0 8  ( 2 )

1 1 . 4  ( r )  0 . 3 3  ( 2 )  0 . 0 8  ( 6 )
0 . 3 8  ( 1 )  0 . 1 7  ( 1 )

0 . 3 6
0 . 3 6

L2.9
1 r  . 0

0 . 3 1  ( 6 )  L 4 . 2  ( 2 )
0 . 4 5  ( 4 )  2 1 . e  ( 1 )
0 . 3 r  ( 3 )  9 . 0 1  ( 3 8 )

1 . 1 6  ( 2 7 )

0 . 3 5  ( 3 )  1 3 . 5  ( r )
0 .40  (2 )  20 .4  Q '

0 . 3 r  ( 4 )  1 4 . 2  ( 1 )
0 . 3 7  ( 4 )  r e . 6  ( 2 )

0 . 3 1  ( 5 )  1 4 . 4  ( 2 )

o . 3 0  ( 3 )  1 4 . 5  ( 1 )
0 . 3 4  ( 3 )  1 7 . 7  ( r )

1 1 . 4
v . )

0 . 4 3
0 . 3 3

o . 4 7
0 . 4 1

o l

P l c
p l

+z gl
o l

P l g

# 3  g l
o I

P l g

+ I  g 1
o I

P l C

+ 5 e l 4
o l  I

f 6 s l 4
o 1  3

# 7 g 1 4
o l  3

( 5 )

( 6 )

( 8 )

1 2 . 4  ( 3 )  L . O z  ( 2 4 )  0 . 0 5  ( 3 )  0 , 3 7  ( 2 )  1 3 . 4  ( 2 )
0 . 4 3  ( 2 )  o . o e  ( 2 )  0 . 4 4  ( 3 )  2 0 . 7  ( 3 )
5 . 3 1  ( 3 3 )  0 . 3 6  ( 3 0 )  0 . 5 0  ( 7 )  o . 4 e  ( 1 4 )  1 2 . 5  ( 2 )

r 8 . r  ( 2 )  1 . 1 6  ( 1 3 )

1 3 . 0  ( 1 )  0 . s 5  ( 7 )  0 . 1 4  ( 3 )  0 . 4 3  ( 2 1 )  1 2 . 2  ( 1 )
0 . 5 3  ( 2 8 )  0 . 2 6  ( 2 3 )  o . 4 7  ( 2 ,  1 7 . 7  ( l )
4 . 2 5  ( 2 o )  0 , 5 1  ( 7 )  o . 4 r  ( 5 )  r 1 . r  ( 2 )

1 2 . 7  ( Z )  0 . 3 3  ( 7 )  0 . 1 4  ( r )  0 . 3 7  ( 6 )  1 2 . 0  ( r )
0 . 3 3  ( 1 )  0 . 3 4  ( 2 9 )  0 . 4 0  ( r )  1 5 . 9  ( 6 )
2 . 2 6  ( L 3 )  0 , 6 7  ( 4 )  0 . 3 6  ( r )  9 . 9 0  ( 3 0 )

1 2 . 2  ( 2 )  0 . 3 r  ( 3 )  0 . 1 2  ( 3 )  0 . 3 3  ( s )  r 0 , e  ( 2 )
0 . 3 3  ( 4 )  o . r 2  ( s )  0 . 4 0  ( 3 )  1 5 . 3  ( 3 )
2 . r r  ( 1 2 )  0 . 7 8  ( 1 6 )  0 . 3 3  ( 4 )  e . 5 8  ( 1 2 )

1 1 . 5  ( 1 )  0 . 2 e  ( 3 )  0 . 1 3  ( 3 )  0 . 3 4  ( 8 )  1 3 , 2  ( r )
0 . 3 3  0 .  1 6  0 . 3 7  1 6 . 9

1 r . 5  ( r )  0 . 2 8  ( 2 )  0 . 1 4  ( 5 )  0 . 3 3  ( 4 )  r r . 3  ( 3 )
0 . 3 1  ( 2 )  0 . 2 5  ( r o )  0 . 3 8  ( 2 )  1 4 . 6  ( 3 )

1 0 . e  ( r )  0 . 2 6  ( 2 )  0 . r 4  ( 2 )  0 . 3 6  ( 7 )  L 2 . 4  ( 2 )
0 . 3 1  ( r )  0 , 2 6  ( 2 5 )  o . 3 o  ( 5 )  1 4 . 8  ( r )

r  
Pareotheslzed unlta represent @e standaral  devlat loo of repl lcete analyses
l n  t e l m s  o f  l e a 8 t  u n l t  c l t e d .  T h u s  0 . 5 3  ( 3 )  s h o u l d  b e  r e a d  0 . 5 3 ! 0 . 0 3 .

reaches the olivine-augite cotectic, and follows this co-
tectic to the reaction point, where plagioclase and pigeon-
ite appear. Crystallization continues with the projected
position of the liquid remaining at the reaction point,
while olivine + liquid react to form pigeonite, augite and
plagioclase. For both compositions, the solid residue
formed by equilibrium crystallization at l-atmosphere
consists of the assemblage olivine-augite-pigeonite-pla-
gioclase-rspinel. It should be noted that the liquids dis-
cussed using these simple projection schemes are chemi-
cally complex, and though their projected compositions
remain at the ol-aug-pig-pl reaction point during crystal-
lization, the FeO/MgO, TiO2 and alkali abundances in the

liquids are changing as the reaction progresses. These
important minor element variations are suppressed by the
projection scheme, but the mineral-component projection
scheme is useful in predicting liquid line of descent and
phase appearances.

Bulk composition of the komatiite flow
and signfficance of the pyroxene spinifex zone

From the preceding discussion it is clear that the
crystallization sequence obtained by experiment depends
critically on the chosen starting composition, and that
pigeonite, the important early crystallizing phase in the
pyroxene-spinifex zone is the first low-pressure pyroxene
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Fig. 2. (A) Results of synthesis experiments on two synthetic
komatiite compositions. Experiments were carried out at the
quartz-fayalite-magnetite (QFM) buffer. (B) Results of cooling
rate experiments on synthetic komatiite composition B are
tabulated on this temperature-cooling rate plot. The experiments
were initiated at 1275t10"C, within the qlivine + spinel stability
field, cooled at a desired rate to the temperature indicated by the
black dot, and quenched into water. Experiments quenched
below the lines labelled pig in, aug in and plag in contain the
phases in question.

to crystallize from some Munro township komatiite bulk

compositions. An initial conclusion is that small changes
in bulk composition of the parent komatiite magma can
determine the presence or absence of a pigeonite-spinifex

zone. If the komatiite has a relatively high ol+cpx

component (or high CaO/AlzO:) and a low qtz value, the

first pyroxene will be augite, not pigeonite. We propose

that the bulk compositions of the komatiite parent liquids

that gave rise to Fred's Flow and the Alexo Flow (Arndt
et al., 1977 , Arndt and Fleet, 1979) are within the project-
ed range of compositions that would precipitate pigeonite
as the initial pyroxene phase (between the two dashed
lines in Fig. 4) which requires the CaO/AlzO3(wt.Votatio)
to be less than unity. A potential problem with analyzed
komatiite lavas is that they may have experienced hydro-
thermal alteration on the sea floor, or later metamorphic
processes, which may have altered the rock composi-
tions. As an example, Mottl and Holland (1978) find that
SiO2, Ca, K, Ba are leached from basalts during alteration
by seawater. Arndt (1983) suggests that some olivine
cumulates have lost CaO through alteration of their
interstitial glass, and might have CaO/Al2O3 lower than
that of the parent komatiite. Our composition B might
have a low CaO/AlzO3 since it was calculated using the
olivine cumulate layer. However, the presence of pigeon-
ite in Fred's Flow and the Alexo flow limits the bulk
composition to CaO/A12O3 ratios of 0.8 or 0.9. Although
the CaO/AlzO3 of the olivine cumulates may be low, the
CaO/Al2O3 of the olivine and pyroxene spinifex zones is
high, and the bulk composition of the parent melt for
Fred's Flow and the Alexo Flow probably lies in be-
tween.

If a composition is chosen for experiments that is not
representative of the liquid or some part of the liquid line
of descent, the crystallization sequence inferred from it
will not be consistent with the observed mineral paragen-
esis in the lava flow. This potential problem was noted by
Arndt (1976) who chose a portion ofthe pyroxene spini-
fex-textured region for experimental study. The projected
compositions of samples from this zone (Fig. 4) indicate

Fig. 3. One-atmosphere liquidus relations for synthetic
komatiite compositions. Liquids plotted in this diagram are
pyroxene saturated and the lowest temperature liquids for each
composition are plagioclase saturated. A and B in the olivine
primary phase volume mark the bulk compositions used for the
experiments. The positions ofthe orthopyroxene reaction curves
are inferred from the experiments of Kushiro (1972) on Fo-Di-

Qtz, and Grove et al. (1983) on tholeiitic and calc-alkaline
systems. See Grove et al. (1982, 1983) for projection scheme.
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0 l 0tz

Fig. 4. Bulk compositions of samples from Fred's Flow from
Arndt et al. (1977) plotted in the Ot{px-Qtz pseudoternary.
Also shown are the l-atmosphere cotectics and the projected
compositions ofthe augite and pigeonite that crystallize on the l-
atmosphere cotectics and reaction curves. B is a possible bulk
composition for Fred's Flow and the dotted line is a fractional
crystallization path followed by this liquid. The dashed lines
radiating from ol to the pigeonite reaction boundary limit the
permissible part of projected composition space for komatiite
flows that crystallize pigeonite.

that most would not reproduce thb crystallization se-
quence followed by our proposed bulk composition of
Fred's Flow, and that none of the samples lie on the
proposed liquid line of descent. Most of the pyroxene
spinifex samples lie in the olivine primary phase volume,
and would crystallize augite as the initial pyroxene. In
other words, these pyroxene spinifex zones do not repre-
sent chilled liquids. The suggestion that the pyroxene
spinifex zones form by metastable crystallization and that
these zones are representative of ultramafic liquid com-
positions (Arndt, 1976; Campbell and Arndt, 1982) re-
quires reevaluation. We propose that the pyroxene spini-
fex zones are the residual products of fractional
crystallization at the upper sudace of the cooling koma-
tiite flow, and that these zones have expelled variable
amounts of their interstitial melt. The pyroxene spinifex
zones could have formed when olivine fractionation
moved the liquid composition into the pigeonite primary
phase volume. Pigeonite nucleated at the upper solidified
boundary of the flow and the pyroxene spinifex zones
grew as stalactite-like projections into the interior of the
flow (Barnes et al., 1983). These zones would then be
mixtures of clinopyroxene "stalactites" plus some liquid.
This mixture would not provide a sample of the liquid line
of descent followed during fractionation.

In the following discussions we propose a fractional
crystallization scheme that can account for the observed
bulk compositions of the layers and for the observed
mineral associations present in Fred's Flow and the
Alexo Flow. Two important associations need to be
reconciled with the experimental result that pigeonite is

the first stable pyroxene for both Fred's and Alexo's
flows: (l) the more rapidly cooled olivine spinifex zone
contains augite as the only pyroxene and(2) the cumulus
layers contain the association orthopyroxene-augite. To
rationalize these pyroxene associations, we must consid-
er the effects of variable cooling rate on crystallization
and the effects of magmatic processes that operated
during differentiation and cooling of the flow.

Fractional crystallization of the komatiite flow
The predicted fractional crystallization path for compo-

sition B would be olivine crystallization, followed by
spinel which would move residual liquid compositions
away on an olivine subtraction line toward the olivine-
pigeonite reaction boundary (Fig. a). When the reaction
boundary is reached, olivine is removed from contact
with liquid, and the liquid moves into the pigeonite phase
volume on a trajectory away from the composition of the
pigeonite that is crystallizing until the pigeonite-augite
cotectic is reached. Plagioclase appears as a crystallizing
phase and 3-phase crystallization moves the liquid along
the augite-pigeonite-plagioclase cotectic until all liquid is
exhausted. Comparison of the bulk compositions of the
layers in Fred's Flow with this predicted fractionation
scheme (Fig. a) indicates that to a large extent liquid and
crystals interacted during the diferentiation of the flow,
and that highly evolved products offractionation are not
preserved in the flow. Most samples plot within the 4-
phase volume (Ol-Aug-Pig-Plag), which would be ex-
pected for residues of equilibrium crystallization. Three
gabbros are quartz-normative which qualifies them as
mixtures of residual liquid, cumulus plagioclase, and
high- and low-Ca pyroxenes. The peridotites, as expect-
ed, are olivine cumulates, and their compositions plot
closest to a tie line between olivine and the composition
B. The compositions of the olivine spinifex layers lie
toward the augite side of the projection, and assuming
that these compositions have not been modified by alter-
ation, this may indicate that these rocks are not simple
liquid + olivine cumulates. The olivine spinifex layers
contain olivine, spinel, an aluminous augite and glass,
(Arndt et a1., 1977) and have apparently accumulated
augite as well as olivine during cooling and solidification.
The pyroxene spinifex layers may be cumulates of low-Ca
pyroxene, augite, and plagioclase (-rolivine) (Fig. a). If
the pyroxene-spinifex zones were trapped liquids they
should be quartz-normative, but most samples plot close
to the Aug-Pig-Plag plane in Figure 4, suggesting that the
zones expelled residual melt during growth.

Effects of dynamic crystallization on
dffirentiation

Rate experiments. The efects of variable cooling rate
on phase appearance sequence and temperature are sum-
marized in Figure 2b. All experiments were initiated in
the olivine phase volume, and also contained spinel. The
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curves were constnrcted by observing phase assemblages
present in experiments cooled to a desired temperature at
the indicated rate and then quenched. Experiments termi-
nated below each line contain the phase(s) noted. The
effect of increased cooling rate in suppressing phase
appearance temperature is dramatic and the pyroxene
relations bear a striking resemblance to those observed in
other basaltic lavas that crystallize pigeonite after olivine
(Walker et al., 1976; Grove and Bence, 1977, 1979;
Schiffman and Lofgren, 1982; Baker and Grove, 1985). At
slow cooling rates (0.5 to 3"C/hr) pigeonite appearance is
not affected significantly and it crystallizes near its equi-
librium appearance temperature. At faster cooling rates
(>10'C/hr), pigeonite appearance is suppressed. Augite
appearance temperature decreases with increasing rates
and is suppressed by 50'C at 10"C/hr and by -150"C at
100'C/hr. Plagioclase nucleation and growth is super-
cooled by 75'C below its equilibrium appearance tem-
perature at 0.5"C/hr, the slowest cooling rate investigat-
ed, and does not appear as a crystallizing phase in runs
cooled at 3'C/hr or greater.

Chilled margin and olivine spinifex zones. The textural
association observed in the olivine spinifex zone of
Fred's Flow (Fig. 1), near the upper flow margin, consists
of skeletal olivine crystals in a matrix of augite, glass and
spinel (Arndt et al., 1977). The spinifex olivine pheno-
crysts form because the olivine removed from the upper
portion of the flow, either by crystal settling or by
convection, leaves the liquid devoid ofcrystal nucleii and
supercooled with respect to olivine appearance. Olivine
nucleates and grows as skeletal crystals under such
conditions and Donaldson(1977) provides graphic experi-
mental verification of the supercooled efects that result
as a consequence of the absence of crystal nucleii. The
groundmass assemblage of augite and spinel is identical to
that produced in the 100'C/hr cooling rate experiments.
As shown in many kinetic experiments on basaltic com-
positions (Walker et al., 1976; Grove and Bence, 1979;
Schiffman and Lofgren, 1982; Baker and Grove, 1985)
pigeonite nucleation is inhibited during crystallization at
rapid rates. Under such crystallization conditions the
residual liquid passes through the pigeonite field, moves
into the augite primary phase volume, becomes supersat-
urated with augite and precipitates an aluminous augite.
Augites produced in the rapid cooling rate experiments
(100"C/hour) are similar to those observed in the olivine
spinifex zone ofFred's Flow (Arndt etal.,1977, Table 3).
The natural and experimentally-produced augites are
plotted on pyroxene quadrilaterals in Figure 5. Both the
natural and experimental augites contain comparable
concentrations of major and minor elements (compare
Table 4 and Arndt et al.,1977 , Table 3). The composition-
al similarity is further evidence that the augites in the
olivine spinifex zone are not equilibrium phases, but are
produced under conditions of rapid cooling (-100'C/hr)
experienced at the upper chilled margin of Fred's Flow.

Pyroxene-spinifex textures. The textural and mineral-

ogical associations found in the pyroxene-spinifex zone of
the Munro Township komatiites are strikingly similar to
those found in Apollo 15 quartz-normative basalts (Bence

and Papike, 197 2; Lofgren et al., 197 4 ; Grove and Bence,
1977). Skeletal clinopyroxene phenocrysts contain pi-
geonite cores that are mantled by augite rims and sur-
rounded by a groundmass of augite, plagioclase and
oxide. In both examples the complex skeletal growth
form of the pigeonite phenocryst core produces hollow
internal zones that are rimmed by augite overgrowths
internally and externally. In the komatiite flows the
pyroxene-spinifex zone formed in the upper part of the
lava flow as a consequence of cooling and differentiation.
As the flow crystallized, olivine moved by settling or by
convective processes from the upper portions to form the
thick basal peridotitic cumulates, depleting the residual
liquid in olivine in the upper portion of the flow. As
olivine fractionation continued, the residual liquid com-
position in the upper part ofthe flow entered the pigeonite
primary phase volume, nucleated skeletal pigeonite at a
small undercooling, and initiated the growth of pyroxene-
spinifex zone. This crystallization process is discussed in
some detail by Grove and Raudsepp (1978) for lunar
analogs. Continued pigeonite crystallization was accom-
panied by suppression ofplagioclase appearance, driving
the liquid into the augite primary phase volume at larger
undercoolings. Augite then nucleated epitaxially on the
pigeonite phenocrysts. Augite crystallization continued
and increased the supersaturation of the residual liquid in
plagioclase component. Finally, plagioclase and augite
nucleated as groundmass phases. This nucleation and
growth response is followed in the komatiite experiments,
at cooling rates of 1.0 and 0.5'C/hr.

The pyroxene zoning trends (Fig. 5b, Table 4) from the
cooling rate experiments are comparable to those found
in the spinifex zones of Fred's Flow and the Alexo Flow
(Arndt, 1977, Arndt and Fleet, 1979,Fig.5a). Unfortu-
nately, the pigeonite cores of Fred's and the Alexo Flow
have been altered to chlorite, so the entire trend is not
preserved in the natural samples. The most magnesian
pigeonite preserved in Fred's Flow is Wo7En77. Our
experiments suggest that the initial pigeonite was
WoaEns2, that it formed at approximately 1200'C and that
it crystallized from a liquid containing -12 wt.% ll{gO
(Table 3). These zoning trends record the initial near-
equilibrium crystallization of pigeonite at a small value of
undercooling. Continued dynamic crystallization depart-
ed from equilibrium, as recorded by the pigeonite zoning
trends. Pigeonite becomes Ca and Fe enriched, and
drives the residual liquid composition into the augite
phase volume. As a consequence of the suppression of
plagioclase nucleation, an aluminous augite grows caus-
ing supersaturation with plagioclase and resulting in the
nucleation of groundmass augite * plagioclase.

Though the zoning trends in the dynamic experiments
approximate closely those found in the natural samples,
we were unable to reproduce the morphologies of the
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Fig. 5. (A) Pyroxene analyses from Fred's Flow and the Alexo

Flow. Stars are clinopyroxene analyses from the olivine-
spinifex-textured layer of Fred's Flow (Arndt et al., 1977, T able
3). Crosses are analyses from the pyroxene-spinifex layer of
Fred's Flow and the Alexo Flow (Arrrdt, 1977 Arndt and Fleet,
1979). (B) Experimentally produced pyroxene zoning trend for
l"C/hr experiments (diamonds) and from 100'C/hr experiments
(stars). Table 4 contains selected representative analyses from
these trends. The l'C/hr trend is compiled from microprobe
traverses on pigeonite cores and augite rims from cooling rate
experiments 13, 14 and 15 (Table 2). The 100'C/hr pyroxenes are
from run 36.

pigeonite spinifex zones. The spinifex needles in Fred's
Flow are up to 5 cm in length, and our experimental beads
are only 0.5 cm in diameter. The experimentally produced
crystals are stubby, but internally skeletal and contain
pigeonite cores and augite mantles. The fine-grained
groundmass produced in our experiments is also general-
ly similar to that found in the komatiites. Another differ-
ence in our experimental charges is that the olivines are
small, abundant, equant grains. We did not attempt to
produce experimentally the olivine supercooling that was
induced during the crystallization of the komatiite flows.
Since olivine is being removed by gravitative settling or
convective stirring as it forms in the komatiite flow, the
residual liquids are devoid of olivine nucleii and super-
cooled with respect to olivine precipitation. Donaldson
(1977, 1982) demonstrated that this efect can lead to the
distinctive spinifex characteristic of the flow tops. Don-
aldson (1977, 1982) showed that the experimental cooling
rates required to produce the observed textural effects
wete comparable to the cooling rates calculated assuming
heat loss through conductive cooling near the boundary

of the flow. In the following discussion we show that the
experimental cooling rates required to produce the pyrox-
ene compositions found in the olivine- and pyroxene-
spinifex layers are also reasonably close to theoretical
estimates of the cooling rates predicted for these layers.

Bronzite cumulate and gabbroic zones

An interior gabbroic layer in Fred's Flow (Fig. l)
contains augite, plagioclase and orthopyroxene. There is
no gabbroic unit in the Alexo Flow, but sandwiched
between the pyroxene-spinifex zone and the basal olivine
cumulate peridotite is a bronzite cumulate that contains
olivine, orthopyroxene and chromite set in a fine-grained
groundmass. For the bulk composition (Fig. 4) of the
komatiite magma there is no crystallization path along
which liquids can evolve to an orthopyroxene saturation
surface, assuming that our inferred phase diagram topolo-
gy is correct. Assume further that the orthopyroxene is
not a result of later subsolidus reaction on cooling, and
formed as a consequence of a closed system crystalliza-
tion process, related to the late stages ofdifferentiation of
the lava flow. Mixing between residual liquids excluded
from the upper portions of the lava flow by crystallization
of the pyroxene spinifex-textured zone and liquids de-
rived by olivine crystallization in the basal peridotite
could stabilize orthopyroxene. In the next section we
propose a magma mixing process that could have pro-
duced orthopyroxene saturation during late stage differ-
entiation.

Cooling rates of Fred's Flow

The upper portion of Fred's Flow consists of a flowtop
breccia, 6 meters thick, a I meter layer of olivine spinifex
textured lava and an underlying 6 meter-thick pyroxene
spinifex zone. Based on experimentally determined py-
roxene associations the olivine spinifex zone should
record cooling rates faster than l0'C/hr and the pyroxene
spinifex zone should form at rates slower than 10'C/hr
(Fig. 1). The gabbroic interior must form at cooling rates
slower than our slowest experiment (0.5"C/hr). If the
flowtop breccia is ignored, and the upper flow boundary

Table 4. Electron microprobe analyses ofpyroxenes produced in
cooling rate experiments. See Table 2 for run conditions.
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is chosen as the top of the olivine spinifex zone, the
cooling rate estimates from textures are comparable to
those predicted by theory. In a cooling submarine lava
flow, heat loss through the upper boundary occurs rapidly
and a constant temperature boundary condition is appro-
priate, while cooling from the base is slower because heat
loss is by conduction. Jaeger (1968, equation 36) provides
an analytical solution for the cooling of a lava flow with
an upper-surface constant temperature boundary condi-
tion. Assurning a liquidus at 1400'C, solidus at 1100'C and
latent heat : 80 callgm, the cooling rate predicted at I
meter from the boundary is 2 to 3'C/hr, and at 6 meters
the predicted rate is 0.07"C/hr. These estimates for the
transition from olivine- to pigeonite-spinifex are some-
what slower, but are in reasonable accord with our
experimental results. The Jaeger calculation does not
include convection effects, which would speed up cooling
rates in the flow and bring the experimental cooling rate
estimates closer to the calculated rates.

C ry s t allization his t ory of py roxe ne -sp inift x
komatiite flows

In a thick, komatiitic lava flow differentiation by olivine
removal was an important mechanism. Differentiation
could have been accomplished by rapid settling of olivine
crystals from the upper portion of the flow (Walker et al.,
1977) or by convective processes. A proposed liquid line
of descent for crystallization of the komatiite parent (path
I in Fig. 6) begins with olivine removal, driving the
residual liquid composition directly away from olivine,
toward the olivine-pigeonite reaction curve. In the upper
chilled margin of the flow the composition of lava samples

oL QTz

Fig. 6. Schematic crystallization history for pigeonite-bearing
Munro township komatiite flow. Open star is a possible bulk
composition of the komatiite parent melt. Solid lines are the
experimental ly determined cotectics. Dashed l ine is a
fractionation path discussed in the text, and numbers refer to the
steps in ihe fractionation process. The double line points to
compositions of liquids, one olivine-normative and one that is a
highly evolved product of fractionation that mix in the komatiite
flow interior to produce bulk compositions (solid star) that will
crystallize orthopyroxene.

should lie on an olivine subtraction trend, becoming
progressively depleted in olivine as one samples the flow
away from the upper boundary. At some distance from
the chilled margin cooling rate is slow enough that
pigeonite nucleates when the residual liquid evolves to
the pigeonite primary phase volume creating the pigeonite
cores ofthe spinifex pyroxene phenocrysts (path 2 in Fig.
6). Continued cooling drives the residual liquid over the
augite + plagioclase saturation boundary, and augite
grows on the rims of the pigeonite phenocrysts, moving
the residual liquid away from the cpx corner toward silica
rich compositions (path 3 in Fig. 6). Plagioclase nucleates
and the crystallization of augite and plagioclase com-
pletes the formation of the upper spinifex zone. As we
suggested earlier, the pyroxene spinifex zone is not a
trapped sample of a portion of the flow that was once
completely liquid, but is more likely to be a collection of
residual crystals plus trapped liquid. The zone is a record
of the crystallization front that advanced toward the
interior of the flow. First pigeonite cores grew as centime-
ter-long needles into the flow interior and then augite rims
formed on the pigeonite cores. Finally, a groundmass of
augite and plagioclase precipitated. This crystallization
process generated a solidification front that advanced into
the flow interior, probably trapped some interstitial melt
in the network of pyroxene-spinifex needles, but also
expelled some residual liquid. Hence, some fractionation
occured during the development of this zone, and some
residual liquid was concentrated in the central interior
portion of the flow.

Figures 7a and 7b show calculated densities for the
proposed liquid line of descent plotted in Figure 6.
Olivine crystallization removes dense network-modifying
components from the melt, leaves the lighter network-
forming units in the residual liquid and causes the density
of the residual liquid to decrease. Pyroxene crystalliza-
tion removes dense network modifiers and light network
formers in nearly equal proportions, and pigeonite and
augite crystallization causes a slight density decrease.
When plagioclase and augite crystallize, residual liquid
density increases dramatically since plagioclase removes
the light network-forming components from the melt,
concentrating the dense network modifiers. The density-
differentiation relations depicted in Figure 7b are similar
to those found in other basaltic systems (Stolper and
Walker, 1980; Grove and Baker, 1983) and show a density
minimum and an associated upturn as crystallization
advances.

Because heat loss in the lava flow is faster at the upper
boundary and slower at the base (Jaeger, 1968), crystalli-
zation at the top and bottom of the komatiite flow
proceeds at diferent rates. If the density relations are
considered along with the crystallization history of the
flow, the initial effect of olivine diferentiation and cooling
which occurs primarily from the top of the flow, will be to
form a stable density stratified melt with hot dense less-
differentiated liquid at the base of the flow and lighter
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Fig. 7. (A) Calculated fractionation path that was illustrated in
Fig. 6. Star represents an assumed bulk composition for Fred's
Flow in equilibrium with Foea olivine. A fractionation calculation
removed olivine, then pigeonite, and finally augite and
plagioclase that were calculated to be in equilibrium with the
residual liquid composition at each fractionation step. The
residual liquid compositions were used to calculate melt
densities that are plotted in B against the normalized ol(ol+qtz)
component of the pseudoternary. Density calculation procedure
is the same as that described in Grove and Baker fl983).

cooler evolved liquid near the upper chilled margin.
These density relations will persist in the upper part of the
flow through the crystallization of olivine, the pigeonite
cores and the augite rims of the pyroxene-spinifex zones,
but the growth ofgroundmass augite + plagioclase causes
a rapid increase in the density of the residual liquid. This
residual liquid, which is concentrated into the flow interi-
or as the spinifiex zone forms, is denser and cooler than
the underlying olivine-saturated liquid in the basal portion
of the flow interior. Thus, it may mix with the underlying
olivine normative liquid that has been concentrated above
the basal, cumulate peridotite (path 4, Fig. 6) and the
resulting mixed magma subsequently crystallizes to form
the bronzite cumulate and/or gabbroic interior (path 5,
Fig. 6). The composition of the mixed liquid lies in the
olivine primary phase volume and this liquid precipitates
olivine and reaches the orthopyroxene primary phase
volume upon crystallization. Thus, mixing of evolved
liquids in the flow interior can explain the occurrence of
bronzite as a crystallizing phase in the interior portions of
Fred's Flow and the Alexo Flow. This proposed mixing
process places further constraints on the bulk composi-
tion of the komatiite lava flow. In Fred's Flow, for
example, the upper portion of the lava flow that has

crystallized by the time that the pyroxene-spinifex zone
has formed is approximately 12% of the total flow vol-
ume. To this volume some unknown amount of cumulus
olivine must be added. ff we assume that this l2%o is a
residue of 50% fractional crystallization, then the liquid
remaining in the interior and base of the flow mixed with
approximately 12% evolved liquid expelled from the
upper portion of the flow. Thus, the bulk composition of
the mixed liquid would lie along the mixing line (Fig. 6)
close to the olivine normative member of the mix. If
mixing is the cause for the appearance of orthopyroxene
as a crystallizing phase in the flow interior, the projected
bulk composition of Fred's Flow must lie at a higher Qtz
value on the Ol-Cpx-Qtz projection (Fig. a) than that of
composition B.

Based on the l-atmosphere phase relations one would
predict both pigeonite and augite to follow orthopyroxene
during the crystallization of the flow interior. Augite is
present, but pigeonite, which should be in reaction rela-
tion with orthopyroxene in the flow interior is absent. The
absence of pigeonite may result because, (l) the l-
atmosphere phase diagram for komatiites has a pigeonite
phase volume topology that differs from the one inferred
in Figure 3, (2) pigeonite nucleation is kinetically sup-
pressed and orthopyroxene continues to crystallize,mov-
ing the residual liquid into the augite phase volume and
triggering augite nucleation under conditions of modest
supercooling, or (3) pigeonite is not preserved in the
slowly cooled flow interior, because it transforms to the
equilibrium assemblage orthopyroxene * augite at subso-
lidus conditions. As we have seen in the case of the
chilled margins of the komatiite lava and in kinetic
experiments on basalts, the second mechanism, where
pigeonite growth is delayed, is an important one and
possibly a common kinetic phenomenon that can alter the
liquid line of descent and phase appearance sequence
from that predicted by equilibrium crystallization. Alter-
natively, some of the orthopyroxene textural associations
illustrated by Arndt and Fleet (1979, their Fig. 7) may be a
consequence of subsolidus reequilibration of primary
pigeonite, favoring the third mechanism. Our discussion
is necessarily simplistic in the sense that we are restrict-
ing consideration to a closed system process. Barnes et
al. (1983) have shown that the bronzite layer in the Alexo
Flow may form by open system processes by influx of
new magma into the partly solidified flow. Such a dynam-
ic model is probably more realistic for the evolution of
these flows, and the effects of recharge by new magma
could produce the complications that we are trying to
explain by within-flow magma mixing.

To summarize, equilibrium and kinetic experiments
performed on a komatiite composition have allowed the
prediction of the crystallization and diferentiation history
of Archean komatiites from Ontario. Kinetic factors have
exercised important influences on the course ofdifferenti-
ation. The chill margins of the komatiite lavas contain
skeletal olivine crystals in a groundmass of Al-rich augite,
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spinel and glass. This assemblage is formed as a conse-
quence of rapid cooling under disequilibrium conditions.
Interior to this olivine spinifex layer, slower cooling and
efficient differentiation by olivine removal generated a
quartz-normative liquid that precipitated pigeonite under
slightly supercooled conditions. Following pigeonite nu-
cleation, the residual liquid departed from equilibrium,
crystallizing augite at a higher degree of supercooling and
finally plagioclase and augite under conditions that de-
parted dramatically from equilibrium. Liquids derivative
from the crystallization of this upper layered sequence
may have segregated to the flow interior and mixed with
the olivine-normative melts derived from the base to
produce liquids that crystallized orthopyroxene as cool-
ing and solidification of the flow interior continued.

Note added in proof

In this manuscript, we restricted our discussion of the
evolution of Munro township komatiite flows to closed
system crystallization processes. A recent paper by Hup-
pert et al. (1984) suggests that the therrnal energy in a
komatiite magma is sufficient to allow assimilation of the
surface rocks over which the lava flows. Assimilation by
surface thermal erosion of a small amount of silicic
crustal component changes the bulk composition of the
evolved lavas in a direction that stabilizes pigeonite as the
first pyroxene to crystalllze. Continued assimilation
would stabilize orthopyroxene. For example, in Fig. 4 a
proposed silicic contaminant would plot near the Qtz
apex. A small amount of assimilation of this silicic crustal
melt and accompanying olivine crystallization would
move the Fred's Flow flowtop composition (which crys-
tallizes augite as the first pyroxene) into a part of compo-
sition space where pigeonite is the first pyroxene to
precipitate. Therefore, within the context of a magmatic
system open to assimilation of a crustal component, it is
possible to rationalize the complex pyroxene associations
found in the Munro township komatiites.

In our study, we rejected the chilled margin composi-
tion of Fred's Flow as representative of the parent melt
for komatiite flows that crystallized pigeonite. We fa-
vored a bulk composition calculated by averaging analy-
ses of cumulates from the flow interior and correcting this
average for olivine addition. Within the framework of a
magma system open to assimilation, our objection to the
flowtop as a parent melt composition is no longer neces-
sary. The flowtop could be the uncontaminated parent
melt, which chilled soon after eruption, experiencing no
assimilation. The lavas in the flow interior interacted with
the ground over which the flow channel was established
and changed composition by assimilation of this surface
material. The pyroxene associations are consistent with
the changes in bulk composition expected to result from
assimilation. The chilled margin has a lower Qtz compo-
nent (Fig. 4) and has augite as its first pyroxene. The flow
interiors changed composition by assimilation toward the

Qtz apex, stabilizing either pigeonite or orthopyroxene as

the initial pyroxene.
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