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Abstract. To investigate the crystallization of pyroxene in 1 Introduction
spinifex-textured komatiites, we undertook a series of exper-
iments in which compositions in the CaO-MgO2R)3-SiO,
CMAS system were cooled rapidly in a thermal gradient. Pyroxenes in spinifex-textured komatiites display unusual
Cooling rates were generally between 5 and@®1, but  textures and compositional variations that are probably re-
some runs were made at 100—2@h~L; thermal gradients lated to the unusual conditions in which they crystallized
were between 10 and 2€ cmL. These conditions repro- (Fleet and MacRae, 1975; Arndt and Fleet, 1979; Donald-
duced those at various depths in the crust of komatiite lavesOn, 1982; Arndt et al., 2008; Bouquain et al., 2008). In the
flow. The starting composition was chosen to have pigeonité’nternal zones of spinifex layers in thick komatiitic basaltic
on the liquidus, and most of the experimental charges crystalflows, two pyroxenes commonly are present. Where best de-
lized zoned pigeonite—diopside crystals like those in komati-veloped, pyroxene spinifex texture consists of zoned needles
ite lavas. An intriguing aspect of the experimental results wagWith pigeonite cores and augite margins, commonly orga-
their lack of reproducibility. Some experiments crystallized Nized in clusters that are oriented approximately perpendic-
forsterite, whereas others that were run under similar condiular to the flow contacts (Arndt and Fleet, 1979). Analysis
tions crystallized two pyroxenes and no forsterite; some ex-Of the compositions of these pyroxenes and of the rocks in
periments were totally glassy, but others crystallized entirelywhich they are found has revealed some puzzling features. In
to pyroxene. The degree of supercooling at the onset of pyMany samples, pyroxene, usually pigeonite, can be inferred
roxene crystallization was variable, from less thaf@3o O be the liquidus phase on the basis of textural data, yet when
more than 116C. We attribute these results to the difficulty the phase relations of the samples are determined experimen-
of nucleation of pyroxene under the conditions of the exper-tally, it is found that only olivine should have crystallized
iments. In some cases forsterite crystallized metastably angnder equilibrium conditions (Campbell and Arndt, 1982).
modified the liquid composition to inhibit pyroxene crystal- Bouguain et al. (2008) address this problem from a miner-
lization; in others no nucleation took place until a large de-alogical and chemical point of view.
gree of supercooling was achieved, and then pyroxene crys- Faure et al. (2006) conducted a series of experiments in
tallized rapidly. Pigeonite crystallized under a wide range of Which they investigated the origin of spinifex textures. They
conditions, at cooling rates from 3 to 180 h~L. The no- addressed what has been called the spinifex paradox: the
tion that this mineral only forms at low cooling rates is not skeletal or dendritic habits of olivine crystals in spinifex tex-
correct. tures resemble those in experimental charges that crystallized
at high cooling rates (50-10@ h~1), but these textures are
found deep in the interior of lava flows at depths where the
cooling rate, limited by conduction through the flow top,
must have been low<{1 to 5°C h~1). A novel aspect of the
Faure et al. (2006) experiments is that they were conducted
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642 S. Bouquain et al.: Pyroxene crystallization during rapid cooling in a thermal gradient

within the thermal gradient in the upper part of the 1 atm fur- Table 1. Isothermal crystallization experiments with composition

nace, reproducing the gradient that exists in the upper parts of.

alava flow. These experiments produced textures that closely

resembled those in olivine spinifex-textured komatiites. #Run T Melting Fefree  Carich Silica
In this paper we present the results of experiments that (°C) time (h) pigeonite diopside

build on the work of Faure et al. (2006). The major difference  sSB632 1320 102 + + +
is in the composition of the experimental charges: whereas SB633 1340 24 + + +
Faure et al. (2006) worked on an analogue in the CMAS SB618 1348 100 + + +
(CaO-MgO-Ap03-SiOy) system with the ultramafic com- SB626 1354 15 + + -
position of komatiites, we worked on a less magnesian com- SB625 1359 7 + - -
position, one chosen so that pigeonite was the liquidus phase. SB627 1364 75 * - -
With this choice we developed an experimental program de- SB615 1379 15.3 * - -

. . . SB613 1385 11.2 + - -
signed to help unders’gand the phase rglatlops and he}blts of Sge23 1388 9 _ B B
pyroxenes that crystallized under conditions like those inko-  gggos4 1339 14.7 _ _ _
matiitic lava flows. SB622 1394 96 _ _ _

SB611 1486 1.3 - — -
2 Experimental procedures Notes: + denotes present;denotes absent.

The experiments described in this paper were conductedh r0e was then led at nstant rate that varied from 3
in the experimental petrology laboratory of Centre de CNArge was then cooled at a constant rate that varied from 3,

_1 . .
Recherche Pétrographique et Géochimique in Nancy using’ 10, 100 to 200_Ch depending on thg experiment. The
the method developed by Faure et al. (2006). The startin emperature grei(ihents across the experimental c_harge were
composition in the CMAS system was chosen so as to hav roundtZ?’C ﬁm ?.rt].d frlnatched those calculated in the up-
pigeonite on the liquidus and thus to be comparable to thd € Part of a komatitic fow.

komatiitic liquids that crystallize pyroxene spinifex textures. . The intent of this procedure was to progressively crystal-
ize the charge, downwards from the cooler top to the warmer

The starting material was prepared from pure oxides thaL ; : : e
9 brep P ase, thus simulating progressive solidification in the upper

were fused in platinum crucibles for 8 h at 15%0), a tem- . )
perature well above the liquidus. The quenched material Wa§ruSt of a lava ﬂ.OW' AS descrlbgd by Fa%”e et al. (2006).' this
procedure provides important information about the kinet-

then ground to a fine powder in an agate mortar. ics of crystallization under conditions that reproduce those
For the isothermal crystallization experiments, the pow-:n natura){ Iavag lon u . produ

der was mixed with a small amount of polyvinyl alcohol . . o
to produce a charge that could be suspended on a platinum During the experiments Iabellgd CPX15-26, a. modified
rocedure, called procedure 2 (Fig. 1), was used: the exper-

wire. The charge was held at constant temperature for severﬂrnental charges were first heated to a higher temperature of
hours in a 1 atm vertical quenching furnace, then quenched i 9 g P

water at the end of the experiment. 470°C (1555°C at the bottom of the charge), 84—169

For the dynamic crystallization experiments, the powderabqve the liquidus, fqr 2 hours, and then the temperature was
was packed tightly info a graphite tube (length 5.5_6.50m'rapldly lowered to bring the top of the capsule (the cool end)

diameter 4 mm) that was placed in a GERO HTRV 7025010 & temperature about 12. above the quuidus_ for 1 hour.
vertical quenching furnace. Depending on the location of 'he high-temperature fusion resulted in optimal homoge-
the tube above the hot spot of the furnace, the temperatur@'zat'on of the charge and the elimination of any relict solid

gradient across the experimental charge varied from 8 t(phases. In the experiments labelled CPX04 and CPX06-14,

40°Ccn!. The temperature inside the furnace was mea—the c;harges were held at a constant temperaturéd kbove .
}_he liquidus for several hours. We also performed two experi-

sured by PtRh6—PtRh30 thermocouples that had been ca ; !

ibrated by melting gold and palladium wires. Through the ments with two otherprocedur_es (procedures 3and 4, Fig. 1),
course of the experiment, a stream of argon maintained n order t(.) be sure to crystalhz-e pyroxene. In prpcedure 3,
reducing atmosphere, preventing oxidation of the graphitet e experimental charge was first heated to a high temper-

: .. ature (1525C at the bottom of the charge) for 1 hour, and
tubes. In the standard procedure for dynamic crystallization hen the temperature was rapidly lowered to bring the bot-

szgirr:mvﬁmsé i?!gz Z;OVCVE?CUJ ethle (g:%r gle) ' v(\?:sc hh;)épfglrnle_nt[om of the capsule to a temperature about that of the liquidus.

1
hours at a temperature of 1413 (1505°C at the bottom of he charge was th.en.cooled .at a constant rate’affg ~. In )
the charge), about 27—11€ above the equilibrium liquidus procedure 4, the initial heating temperature was very low:

temperature (see Table 1). During this phase, air trapped ir"lL4010C at the bottom of the charge, at the hot end. The tem-

the powder escaped, and as the charge compacted durirperature before the cooling step was also very low: T&5

melting, its length decreased from 5-6 cm to 2.5-4.5cm. The"ﬂ the bottom of the charge.

Solid Earth, 5, 641-650, 2014 www.solid-earth.net/5/641/2014/
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Figure 1. Details of the four cooling procedures used during dy-
namic crystallization experiments.

4.2cm
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pigeonite + diopside
+ silica+ glass
Tsilicain
~1300°C
pigeonite + diopside

* glass -ATsilica ~ 40°C

""""" Tsilica liquidus ~1340°C
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P19 g -ATdj ~ 18°C

rrrrrrrrrrr Tdi liquidus ~1354°C

<— graphite crucible

-ATpig ~ 34°C

CPX 15

rrrrrrrrrrr Tpig liquidus ~1386°C

Figure 2. Typical experimental charge. The charge was cut along

its length, then polished and scanned. Temperatures of appearance
of crystalline phases are compared to their liquidus temperature de-

At the end of each experiment, the charge was quenche
in distilled water. The tube and its experimental charge were
then cut along the long axis, imbedded of resin, polished,
and then analyzed using an electron microprobe (Came
SX100 at the University Henri Poincaré, Nancy, France) an
a microfluorescence spectrometer (Eagle Ill at the University

aermined in isothermal experiments

The results of the isothermal crystallization experiments

C . . . .

dgre summarized in Table 1, and those of the dynamic cooling
experiments are given in Table 2.

of Grenoble). Electron microprobe analyses were performed, { Experimental problems

with a Cameca SX100 at Nancy Université (Service Com-

mun de Microscopies Electroniques et de Microanalyses X)viany experiments did not work as intended, with variable
using a beam current of 10 nA, an accelerating voltage Ofconsequences as described in the following paragraphs.

15kV and a focused beam (1-2 um) with a 20 s peak count-
ing time.

An attempt was made to terminate each experiment at a
temperature calculated to quench to glass an interval of un-
crystallized liquid in the lower (hotter) end of the charge: in
practice this proved to be very difficult, as described in the
following section. Figure 2 illustrates a typical experimental
charge. The lower (hotter) third consists of sparse pigeonite
crystals in translucent glass that fractured during quenching.
Elongate crystals of pyroxene become increasingly abundant
toward the cooler top of the charge, and the upper portion is
totally crystallized to pigeonite, augite and a silica mineral,
probably tridymite. The temperatures of initial crystallization

of each of these phases can be determined with precision by 2.

measuring the position in charge, which was previously cal-
ibrated for temperature (Faure et al., 2006). During the ex-
periment CPX15 (Fig. 2), a bubble formed at the bottom of
the load because of incomplete outgassing of powder during
the initial phase of high-temperature fusion. This happened
during several experiments, but does not significantly affect
their interpretation (this problem was not encountered dur-
ing the experiments of Faure et al. (2006), who worked on a
less viscous komatiitic composition). In the case of CPX15,
the experience was not terminated soon enough to preserve
crystal-free glass below the crystallization front. The tem-
perature of the first appearance of pigeonite is therefore a
minimum temperature, and the estimated degree of nominal
undercooling is a maximum value.

www.solid-earth.net/5/641/2014/

1. The early experiments were carried out in thin graphite

tubes that partially disintegrated in the course of the
run. In some cases multiple fine, delicate forsterite crys-
tals penetrated the walls of the capsule and grew out-
wards to form remarkable porcupine-like structures. Al-
though no detailed information about the crystallization
sequence is provided by such experiments, they indicate
that forsterite nucleated and grew rapidly at relatively
high temperatures, as in the case of experiment CPX06
in which forsterite grew in part of the tube that was at a
temperature of 1408C at the time of quenching.

In several experiments, empty segments of varying size
(5—-30 mm long) were distributed throughout in the cap-
sule, most commonly near the base or in the middle. We
interpret these empty segments as air bubbles that were
trapped in the liquid phase during initial melting at high
temperatures. Because of the small size of the capsules
and the relatively high viscosity of the molten starting
material, air trapped in the powder could not always be
evacuated. When the air bubble is located at the bottom
of the capsule, it has little effect on the course of the ex-
periment. In some experiments, small volumes of melt
(a few cubic millimeters) were isolated at the bottom
of the capsule, or at the top. The products of crystal-
lization of these melts can be very different from those
in the main volume of melt. For example, we observed

Solid Earth, 5, 64550, 2014
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2z " 5 anorthite and spinel in experiment CPX11, and very Ca-
-4 g g (;.Z g g g g g g g (;.Z g 2 =2 rich diopside in experiment CPX07.
L | =m============ =1 N
I 5R6RrE5388&KSR g 3. It was very difficult to stop the experiments before the
C%’ -~ 2 crystallization front had reached the base of the capsule.
3 o 9 g Some experiments were almost entirely glassy or con-
s | BB aad LB S| 9 tained only isolated forsterite crystals, and two notable
? 1 856860685 vwuurnwn|—83 < . ;
g 2 examples contained crystal-free glass in the lower por-
g, ’g = tion: most experiments, however, were entirely crystal-
“:__j 9 % %‘ 2 lized. As discussed below, we infer that once the pyrox-
IR BBV ERERELN LS 3 S ene nucleates, it grows rapidly to fill most, or all, of the
§|oCuNONORNNNN T2 @ capsule.
3 ©°
= D
2 T =. . .
5 g 3 4. The experiments were not reproducible. The phases
8 . ® w|l =2 that crystallized, and the order in which they appeared,
S | rahh e e OB 2 were not systematic but varied from one experiment
12290282908 RFB(CFS5| 8 . o
2l aaaaad = ® g ) to another, even when the experimental conditions
e ek, e e - were similar or identical. For example, experiments
TREgaesdses K| £ CPX14 and CPX15 were conducted at identical cool-
5 | ERESpEESRpBsBEs B S3 ing rates (10Ch~1) and in the same thermal gradient
=N NWWNNPNWEW [ N 1
S INIAIRINGLBRS ! & (20°Ccm™ ). The temperatures at capsule ends at the
§ 2 g time of quenching were similar: 133€ and 1352C
g ~ 23 at the hot end and 127€ and 1278C at the cool end.
o |aNapp MRTL ., 285 Yet despite these similar conditions, forsterite is present
&L ohRrmooONmBUO TN " in experiment CPX14 (as isolated hopper crystals) but
2 = is absent in experiment CPX15. In addition, the mor-
g e ’
8 g § phologies of pyroxene are very different in the two ex-
i = [ Q= i i i i i -
é pPEREREEREE SR 2 %;3 periments, as desqnbed in the sec_t|on presenting the re
g @ o © © © © © s © ~ 3 5= 3o sults of the dynamic cooling experiments.
RPN IUBDOR o
[ D
| w Q.
g. O T 5 3-0 3 Experimental results
o
© . o T ! T 3.1 Isothermal crystallization experiments
=1 ! oz | - =
=2 - oy 0
% © L Isothermal crystallization experiments were employed to de-
£ ermine the liquidus phase relations of the starting material.
2 o ® t the liquidus ph lat f the starting material
. | T The material used in the dynamic cooling experiments (Ta-
> D OT VO |5 | oo | = . . . .. .
(I% < I L“é ble 1) had pigeonite in the liquidus, and appropriately only
g = a E} this mineral crystallized in experiment SB613, which was
= o @ conducted at 138%C. The crystals are rounded, with sizes
S ' ing fi 5 to 30 um. The calcium content of this pi-
DO OO |5 || o ranging from vl p
| = = . B .
= £ £ -8 geonite is very low, around 3.1wt% CaO. The nucleation
8 2 g & was heterogeneous and took place on the platinum wire, on
8 8 a a het d took pl the plat
s | % g the walls of the charge, on a platinum bead that became de-
§' o 1 % Py te! 8 g g tached during the preparation of the experiment, and on an
2 | ® ® 3 o D air bubble. In an experiment conducted at 1388the en-
& tire charge (SB623) is glassy. The temperature liquidus is
% Q g z ” therefore 1386 1°C. Only pigeonite crystallizes at temper-
= § g § 3 atures down to 135%C, and its Ca content increases gradu-
2 s 5 & S ally from 3.1 % to 6.0wt % (SB625) (Table 3). At 1358,
g < 3 g Ca-poor diopside appears as abundant, rounded, very small
= = o crystals, each a few microns across. The rate of nucleation
< = 3 of diopside was evidently higher than that of pigeonite. A
§ a o silica mineral, probably tridymite, joined the assemblage to
@ z = 1348°C (SB618). When it first appears, this mineral has an
o [¢)
|
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Table 3.Liquid and mineral compositions.

Starting material Isothermal crystallization Dynamic crystallization
(composition #8) experiments #SB633 experiments #CPX15
glass glass pigeonite diopside silica glass pigeonite diopside
MgO 216 16.6 35.8 24.6 0.0 18.1 37.2 28.2
Aly03 1.6 3.6 n.d. 0.1 0.2 2.7 0.1 0.1
SiOp 62.3 63.8 59.9 57.3 994 64.4 60.9 58.3
CaO 147 154 5.7 18.7 0.1 16.3 3.9 14.9
Di Di

Ay 5%
IVAVA: 52 AVAN

A AVEN & &V
WAV AV

60

70

920

3 20 10 Qz

Fo Qz Figure 4. Liquidus boundaries in the system forsterite—diopside—
anorthite—silica. Represented join is F095An05-Di95An05—
Figure 3. Starting material compositions plotted in the forsterite— gj0295An05: this plane is parallel to the pseudo-ternary Fo—
diopside—silica (Fo—Di—Qz) pseudo-ternary diagram. Liquid com- Di-SiO, diagram and contains 5% An. Squares are liquid
positions are projected from anorthite. Phase boundaries and reagpmpositions saturated with two crystalline phases (white squares)
tion curves are shown in more detail in Fig. 4. Composition A was oy three crystalline phases (black squares). Analyses of pyroxene
used in dynamic crystallization experiments. crystals are shown. Single arrows indicate cotectic curves; double
arrows indicate reaction curves.

elongate anhedral habit, but at lower temperature it forms eu-
hedral laths that are highly elongated along ¢hexis. The 32 Dvnamic crvstallization experiment
solidus temperature was not determined because there was ynamic crystafization experiments

still a fraction of the liquid at 1277C (SB630). ) | fd . lizati .
We also performed six other series of isothermal crys;tal-'vIajor results of dynamic crystallization experiments are

lization experiments, each with a different starting materialsummariZGd graphically in Fig. 5. Associated data are in Ta-

composition (Fig. 3). The results are shown in Fig. 4. This ble 2. L . L .
phase diagram represents the 5% An plane in the forsterite— ~OrSterite in many of the dynamic crystallization experi-
diopside—anorthite—silica system, which is part of the CMAS Ments, we observed forstgrlte n addltlon to one or tW9 py-
system. The pigeonite field is small — its size decreases witjOXENES. Forsterlte crystallized in approximately one:—thlr_d of
increasing anorthite component and disappears completely élae expenmen.ts, an unexpectgd result because. th|§ mineral
moderate AJO; contents (Longhi and Boudreau, 1980). The did not crystallize in any of the isothermal crystallization ex-

sensitivity of pigeonite stability to the ADz content may periments. In some experiments it coexists with tridymite and
explain some of the erratic experimental results. is evidently not an equilibrium phase in the starting material.

Forsterite was the only crystalline phase in four experimen-
tal runs (Table 2), all conducted at a moderate cooling rate
of 5°Ch™L. In experiments with higher cooling rates (100—
200°C h~1), forsterite did not appear. In most experiments,
the forsterite crystals have euhedral, or elongate platy, or den-
dritic habits (Fig. 6). In the runs labelled CPX03 and CPX04,
conducted with a low thermal gradient (10 cm 1), a few

www.solid-earth.net/5/641/2014/ Solid Earth, 5, 64550, 2014
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1100 fmm CPX 05
CPX 01 1102
1118
pigeonite
diopside
d pigeonite tridymite
(\1‘ diopside glass
MY tridymite ‘
i} glass 1188 Il
1200 [ f
CPX 26
o CPX 09
o
> 1230 aed
= 1247
2
©
o CPX10) (CPX 14
g 2 oiivine CPX 15
€ pigeonite 1269 1272
o diopside i
= glass By
d el I oconite
1300 = 1298 { olivine i pigeont
1307 7 pigeonite CPX 19 1307 il diopside
CPX 02 Al diopside glass
glass i glass f 1320
it Wl pigeonite
1336 pil. diopside
CPX 04 tridymite
olivine 1356 glass
glass 1361
g CPX 06 pigeonite olivine
oess 138 diopside pigeonite
1385 lass A
1400 [ "porcupine" olivine g diopside
1406 glass glass

Figure 5. Textural and mineralogical data from dynamic crystallization experiments. The graphite capsules are represented in black. Minerals
are in black and lie in a glass shown in white. Grey fields are bubbles.

euhedral forsterite crystals with well-developed faces wereogy. Pigeonite and diopside grow around forsterite crystals
observed at the base of the capsule (Fig. 6f). These exper{Fig. 8a and b). Some of the forsterite crystals are rounded
ments were quenched at about 1380 The crystals contain  and embayed, particularly where they are surrounded by
about 0.9wt% CaO, and surrounding glass has a forsteritesmaller pigeonite and diopside crystals (Fig. 8a and b).
depleted composition, with lower Si@&nd higher CaO than The forsterite crystals have high CaO contents, up to 0.5 %
the starting material. in solid crystals and up to 1.5% in fine dendrites. The glass
In the two other experiments (CPX02 and CPXO06), surrounding the crystals is depleted in the forsterite compo-
forsterite displays dendritic morphologies. The CPX02 ex-nent, with low SiQ and high CaO compared to starting ma-
perimental charge contains two parts: the 12 mm long lowetterial.
part contains millimeter-sized elongate platy crystals with Pyroxenecrystallized over a large range of temperatures,
fine dendrite tips (Fig. 6b), and the 10 mm long upper partfrom 1365 to 1102C. In these experiments, cooling rates
displays fine dendritic crystals (Fig. 6a). The latter nucleatedwere between 3 and 10€ h~1, and the temperature gradient
on the capsule border, and are 100-300 um long. The residualas 20°C cn 1. One or two pyroxenes, pigeonite and diop-
glass is strongly zoned around the forsterite crystals. CPX0&ide, crystallized in about two-thirds of the experiments. The
was not a successful run because the graphite capsule pawo pyroxenes coexist in all experiments except for CPX08,
tially disintegrated, but in this experiment olivine grew at a the unsuccessful experiment with porcupine-like forsterite,
very high temperature (140€). where only diopside crystallized. Pigeonite and diopside
In experiments in which olivine coexists with pyroxene, were present over the entire temperature range, but diop-
the forsterite habit is generally similar to that in pyroxene- side appears in only one experiment at a temperature over
free runs, but in some case the borders of the crystals ar&@336°C. Isolated crystals of pigeonite were observed in only
rounded and embayed. Experiment CPX09 (Fig. 7) contain®ne run, CPX 15; in all others this mineral occurs as the cores
good examples of the variety of textures deployed by thisof zoned crystals with diopside margins.
mineral. In the lower part of the capsule, forsterite has a hop- Pyroxene usually crystallizes as acicular, zoned crys-
per or platy habit (Fig. 8c), whereas at the top of the capsuletals, each with a core of pigeonite and a border of augite
it forms crystals with a complex, irregular, elongate morphol- (e.g., Fig. 8e and f) as in spinifex-textured komatiite.

Solid Earth, 5, 641-650, 2014 www.solid-earth.net/5/641/2014/
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a b 0.5mm
1230°C

forsterite +
pigeonite +
diopside + glass

0.5mm

pigeonite +

c 0.5mm diopside + glass

forsterite +
pigeonite +
diopside + glass

1277°C

pig in

forsterite + glass

0.5mm

1298°C
Figure 6. Photomicrographs showing olivine morphologies ob-

served in dynamic crystallization experiments. NomenclatureFigure 7. Microfluorescence images of the experimental charge la-
is from Donaldson (1976) and Faure et al. (2003), respec-belled CPX09. Indicated temperatures are quenching temperature.
tively: (a) chain olivine/swallowtail shape (CPX02)) branching
olivine/swallowtail shape (CPX02(¢) hopper olivine (CPX09)d)
plate olivine/swallowtail shape (CPX09E) detail of dendritic tail In experiment CPX22, pigeonite and diopside crystal-
of a swallowtail olivine crystal (CPX02), ar(@ polyhedral olivine  |ize as zoned cross-shaped dendrites. These are found in
(CPX04) the lower part of the capsule, at a temperature of 855
9°C above diopside liquidus temperature as determined in
isothermal experiments.
In experiment CPX09, the larger zoned crystals have a Representative pyroxene compositions are given in Ta-
“plumose” morphology (Fig. 8c) while the smaller diopside Pl€ 3. The Ca0 content of pigeonite varies from 3.9 % in the
crystals have a more euhedral, prismatic or chain-like mor-core of a grain that crystallized at the highest temperature to
phology (Fig. 8b). Similar morphologies have also been re-2n apparent 9% in a grain in one of the lowest-temperature
ported in natural komatiites (Arndt and Fleet, 1979). In otherfuns. The high value could be a bad analysis resulting from
experiments such as CPX19 and CPX22, pyroxene form& Mixed signal between the pigeonite core and the diopside
complex or cross-shaped dendrites (Fig. 8d). In the two exPorder of a fine zoned crystal.
periments conducted under similar conditions but with con- _Most diopside grains have CaO contents between 13 and
trasting results, the pyroxene morphologies were very differ-20 %. significantly less than that in stoichiometric diop-
ent. As mentioned above, forsterite crystallized as isolatecide (CaMgSiOs contains 25.9% Ca0). In the run CPX08,
hopper crystals in experiment CPX14, but was absent in exWhere diopside formed complex dendritic crystals, the cores
periment CPX15. In experiment CPX14, skeletal prismatica'® unusually calcic (25%) and the borders are rich in Al
to highly dendritic grains of pyroxene crystallized between (2 %)- ) o ) .
larger forsterite grains, like those illustrated in Fig. 8o and Other minerals tridymite is present in about one-third
c. In experiment CPX15, pyroxene crystals fill the entire of experimental charges, irrespective of the presence of
charge, mainly as elongated needles oriented parallel to onforsterite. Other _crystalline phases_include Ca-rich diopside
another and approximately parallel to the walls of the cap-(CPX07), anorthite (CPX11) and spinel (CPX11). In all three
sule. As illustrated in Fig. 2, in the lower, hotter, part of the CaSes, these minerals crystallized in small volumes of liquid,
capsule, pigeonite occurs alone as acicular, dendritic crystalgommonly isolated from the main mass of the charge, and
in the upper, cooler part, diopside and pigeonite crystallizeothey are not representative of the normal crystallization se-
as a dense mat of fine, zoned, dendritic crystals. In the uppe@Uence.
most part, tridymite appears in the matrix (Fig. 2).
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Figure 8. Photomicrographs showing pyroxene morphologies ob- 1102

served in dynamic crystallization experimen{g) dendritic pi-
geonite growing on a rounded forsterite crystal (CPX@8)chain
diopside nucleation and growth on a plate olivine crysta),
plumose zoned pyroxene between platy olivine crystals (CPX09),
(d) dendrites on complex pyroxene crystal (CPX14), dadf)
zoned pyroxene needles, growing downwards and parallel to eackemperature of 1365C, 9°C above its liquidus temperature.
other. This apparently high value, if not due to an analytical prob-
lem, may be the result of almost complete crystallization in
the experimental charge. Crystallization of forsterite and pi-
4 Discussion geonite may have produced an evolved liquid from which
diopside then crystallized. Temperature of crystallization of
Perhaps the most significant aspect of the results is their undiopside from this liquid may be slightly different from diop-
predictability. Although other experiments have explored theside equilibrium liquidus temperature.
crystallization of pyroxene under conditions of rapid cooling,  Another interesting result is the difficulty we experienced
none has coupled this with the presence of a thermal gradienin quenching the runs before they had entirely crystallized. In
Under such conditions the kinetics of nucleation and crystal-the earlier experiments carried out by Faure et al. (2006) on
lization come into play and strongly influence the sequencecharges of more magnesian compositions, it was relatively
and extent of crystallization, or, under some circumstancessimple to terminate the experiment at a stage when a totally
the very presence or absence of certain phases. For examplglassy segment was preserved in the lower, hotter, portion of
forsterite, a phase absent under equilibrium conditions, crysthe capsule, but in our experiments, either the charge was to-
tallized in one-third of our experiments. It is present in onetally glassy (e.g., CPX 10) or crystals were present through-
run (CPX 06) at a temperature of 1408 but absent from out the charge.
another run (CPX10) that was quenched at far lower temper- The explanation of these effects probably can be found in
atures, from 1307 to 126€. In the latter, the entire charge the kinetics of crystallization and particularly in the difficulty
was glassy and no crystalline phases are present. Anothaf nucleation of pyroxene. Lofgren (1983) and Kinzler and
example is the contrasting phase assemblages in two expeGrove (1985) have shown, for example, that under conditions
iments: CPX14, which crystallized forsterite, and CPX15, of rapid cooling (but in the absence of a thermal gradient), the
which did not, as discussed in the preceding section. Finallyfemperature of appearance of augite and pigeonite was de-
diopside is present at the bottom of the capsule CPX22, at pressed when the cooling rate exceeded@B 1. Kinzler

Figure 9. Range of crystallization temperatures of silicate phases
observed in both isothermal and dynamic experiments.
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and Grove (1985) found that, at a cooling rate oP60 1, The capacity of pyroxene to grow rapidly once it nucle-
the nucleation of augite was delayed by *@and that of ated is illustrated in the image of the experimental charge
pigeonite by 250C. Faure et al. (2006) observed a simi- CPX15 in Fig. 1. Pyroxene fills the whole capsule, from the
lar effect in the presence of a thermal gradient. In experi-cool top, which was quenched at 1248, to the hot base
ments conducted at a cooling rate 6fGh~1, the diopside  quenched at 135Z. In this charge pyroxene crystallized
liquidus was depressed by about°4B A significant differ-  at temperatures far higher than those in experiment CPX10,
ence exists: whereas the depression of the forsterite liquidusshich was entirely glassy even though it was quenched at
was very small in the normal dynamic crystallization exper- a lower temperatures of 1269 to 13W7. Pyroxene is ab-
iments, Faure et al. (2006) monitored-é&b0° depression in  sent at the hot end (1298) in experiment CPX09, where
the thermal-gradient experiments. only olivine has crystallized. The differences in the phase as-
In our experiments we observed a somewhat contrary efsemblages can in part be attributed to the experimental con-
fect: as summarized in Figs. 7 and 9, forsterite appears irditions. The cooling rate in experiment CPX10, which pro-
our dynamic-cooling thermal-gradient experiments as an apduced an entirely glassy charge, was 2001, and this
parently metastable phase at temperatures above the liquiduapid rate no doubt prevented nucleation. For experiment
measured in the equilibrium experiments. Even if the pres-CPX15, in which the charge is totally crystallized to pyrox-
ence of porcupine-like olivine in flawed experiment CPX06 ene, procedure 2 was used, and it is possible that the initial
is discounted, the crystals in experiment CPX04 cannot be speriod of high-temperature heating destroyed the relict struc-
easily dismissed. In the latter experiment, the olivine has thdures in the liquid that in other experiments facilitated the nu-
euhedral morphology illustrated in Figure 4f and is found atcleation of olivine. It appears that, in experiment CPX15, no
the base of the capsule. It is possible that these crystals nwslivine crystallized at high temperatures, and once pyroxene
cleated in the upper, cooler portion of the capsule, but sincenucleated it grew rapidly to fill the entire capsule. In exper-
the thermal gradient was low, the temperature even at thisment CPX09, conducted using procedure 1, pyroxene also
end was high, at 1358C. At the hotter base of the capsule nucleated and it crystallized throughout the upper two-thirds
where the euhedral crystals were found, the temperature aif the capsule. However, in this case it did not penetrate into
the time of quenching was 138€, essentially the same as the lower portion of the capsule, presumably because the
the 1386 C liquidus under equilibrium conditions. composition of the liquid had been modified by the growth
In experiment CPX09, shown in Fig. 7, olivine persists of the large olivine crystals.
from the base to the top of the capsule. At the hot base Another aspect that needs to be emphasized is the pres-
(temperature at quenching=1298), it forms the stubby ence of pigeonite even in rapidly cooled runs. Zoned crystals
to moderately elongate crystals shown in Fig. 4c and d; inwith pigeonite cores are present in experiments CPX19 and
the middle it occurs as finer, more elongate plates; and a26, both of which were cooled at 160G h~1. The idea that
the top (temperature at quenching=1280) it occurs as pigeonite only forms at slow cooling rates less thaiQ@er
large plates with smoothly rounded or embayed margins, akiour (Parman et al., 1997) is clearly not valid.
shown in Figure 5a and b. The olivine crystals appear to have
grown on the borders of the capsules and on small particleg.1 Application to natural rocks
of platinum, and apparently nucleated heterogeneously. Sev-
eral lines of evidence indicate that the forsterite is metastableOne important goal of our study was to understand the condi-
first and most obviously, its absence in the isothermal experitions in which pyroxene crystallizes in komatiites. Although
ence conducted on the same starting material; second, its cohis goal has been realized in a broad sense, several important
existence with tridymite in one experiment (CPX25); third, differences between the environment of crystallization in the
the rounded and embayed margins of the grains at the top dhterior of a komatiite flow and our experimental setting limit
capsule CPX09, which we interpret to indicate that the crys-the application of our results. Our experiments have demon-
tals were reacting with the liquid. strated how subtle differences in pre- or syn-crystallization
The presence or absence of olivine is influenced, thouglconditions can significantly change the order of crystalliza-
not totally controlled, by the experimental procedure. Olivine tion and the compositions of the phases that crystallize. In
is present in all crystallized experiments that were initiatedthe interiors of komatiite lava flows, conditions were far
by heating at temperatures only moderately higher than théess extreme than those in our experiments. For example, al-
liquidus (1505 C — procedure 1) and is absent in all but two though it can be argued that some komatiites became super-
of the experiments that were initiated by heating at the higheheated during their passage from mantle source to the surface
temperature of 1558C (procedure 2). In both experiments (e.g., Echeverria, 1980), most komatiites contained olivine
that were initiated by heating at low and moderate temperaphenocrysts when they erupted, which indicates that on erup-
tures and then rapidly cooled to temperatures below the ligtion they were effectively at their liquidus. Furthermore, in
uidus in the entire charge (procedures 3 and 4, see Fig. 1}he interior of a lava flow, at tens to hundreds of centimeters
olivine is absent. beneath the flow top, cooling rates are limited by conduc-
tion through the solid crust of the flow and are relatively low.
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