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The formation of platy olivine spinifex, the texture that characterizes
komatite lavas, has long been enigmatic. A major problem s that the
dendritic morphology of the olivine resembles that of crystals grown
in laboratory experiments at high cooling rates (>50°C/h), but at
the position where these textures form, up to several meters below the
komatute flow top, the cooling rale cannot have been grealer than
1-5°C/h. We performed experiments that demonstrate that the
platy habit of spinifex olivine or pyroxene is a consequence of slow
cooling of ultramafic magma in a thermal gradient (7-35° C/cm).
The charges were cooled at rates between 2 and 1428°C/h and,
even at the low cooling rales, the thermal gradient led to constrained
growth and the development of preferentially oriented dendnitic crys-
lals with morphologies like those in natural platy spinifex-textured
lavas. Under these conditions, olivine starts to crystallize at
tlemperatures well below the equilibrium lLiquidus temperature
B7°C < -AT< 56°C) depending on the composition of the
starting material. When the cooling rate is high, the thermal gradient
has a negligible effect on the texture and the crystals have a random
orientation, like that in the upper parts of komatiite flows.

KEY WORDS: komatute; spinifex; cooling rate; experimental petrology;
thermal gradient

INTRODUCTION

Spinifex is one of the most spectacular magmatic
textures. The most striking examples comprise large
olivine plates that form parts of giant, decimeter-sized
dendritic crystals that are oriented perpendicular to the
roof of the komatiitic unit (Fig. 1). The morphology of
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these large, preferentially oriented crystals has not previ-
ously been reproduced experimentally (Donaldson, 1982;
Ginibre et al., 1997).

Spinifex-textured komatiite flows are generally sub-
divided into three major units, as illustrated in Fig. 1. A
thin (1-10 cm) olivine porphyritic upper chilled margin
(Ay) 1s underlain by a ~5-50cm thick A, layer that
consists of fine, skeletal and dendritic, randomly oriented
olivine crystals embedded in a glassy matrix. Then fol-
lows a layer of coarse-grained platy spinifex (As) that is
dominated by large (up to 1 m long), preferentially ori-
ented, dendritic crystals of olivine. The Aj layer can be
up to several meters thick, and it overlies an olivine
cumulate (B;—B,) of equal or greater thickness.

A key element in discussions about the origin of spinifex
textures is an apparent discrepancy between the cooling
rates required to grow skeletal or dendritic olivine crystals
in laboratory experiments and those that prevailed dur-
ing the solidification of komatiitic magmas, either in lava
flows or in intrusions. Cooling rates in the thin uppermost
layer of a submarine komatiite flow must have been
extremely high, as a result of rapid loss of heat from hot
komatiite to seawater, but once the crust had reached a
thickness of >1m, the cooling rate in the interior of the
flow would have decreased considerably because heat
would then be lost primarily by conduction through the
crust. Donaldson (1982) estimated that cooling rates in
the Az layer of a typical 5-10 m thick komatiite flow were
<1°C/h. In contrast, to reproduce the dendritic mor-
phology of platy spinifex olivine crystals in normal
dynamic cooling laboratory experiments requires cooling
rates >50°C/h (Donaldson, 1982).
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Fig. 1. Sketch of a komatiite flow showing variations in the size and morphology of olivine crystals (from Pyke et al., 1973). The photograph of
a komatiite flow from Munro Township, Ontario, shows the contact between the fine, randomly oriented olivines of the Ay layer and the larger,

preferentially oriented, platy olivines of the Aj layer.

Although numerous solutions to the ‘spinifex paradox’
have been proposed, none is entirely satisfactory.
Donaldson (1982) attributed the differences in morphol-
ogy between experimentally and naturally crystallized
olivine to differences between the MgO contents in the
experimental charges and komatiite lavas. When he
wrote his paper in 1982 he noted that no experiments
had been conducted on samples with MgO contents as
high as those of spinifex-textured komatiites, and he sug-
gested that spinifex texture might form only in highly
magnesian liquids. More recent experiments have
shown, however, that the discrepancy persists even for
more magnesian compositions, such as those of chon-
drules in primitive meteorites (Lofgren, 1989). In addi-
tion, preferentially oriented crystals typical of platy
spinifex have never been reproduced in laboratory
experiments. Turner ¢t al. (1986) proposed that spinifex
textures could be explained by rapid cooling caused by
vigorous internal convection of the komatiite flow. This
condition is unlikely to be met, however, in normal
komatiite flows (Renner, 1989). Aitken & Echeverria
(1984) and Arndt (1994) proposed that spinifex texture
results from crystallization of komatiitic magma that had
become superheated during rapid ascent from its mantle
source. This hypothesis was not supported in experiments

by Ginibre ¢t al. (1997), who showed that superheating
does not enhance the capacity of komatiite liquid to form
skeletal crystals at low cooling rates. Shore & Fowler
(1999) argued that hydrothermal circulation through
the upper crust of a flow, and radiative heat transfer
along olivine crystals, could have increased the cooling
rate in the platy spinifex zone. These factors probably
diminish the discrepancy, but they do not provide a
complete solution to the ‘spinifex paradox’.

Grove et al. (1994, 1996, 2002) and Parman et al. (1997)
proposed a very different explanation. In their earlier
papers they suggested that the komatiites of the
Barberton greenstone belt in South Africa, the type area
of komatiite, did not erupt as lava flows but crystallized
in a sill complex that intruded at a significant depth
(~6 km) in the volcanic sequence. In their model, spinifex
forms during the crystallization of hydrous, intrusive
komatiite. Field studies by Dann (2000, 2001) have
shown, however, that these komatiites, like those in
most other areas, erupted as lava flows. Further com-
ments on the wet komatiite hypothesis have been given
by Arndt et al. (1998) and Arndt (2003).

If the formation of spinifex texture cannot be attributed
solely to the nature or composition of the komatiite
liquid, an explanation for its origin must be sought in
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the physical conditions that prevailed during crystalliza-
tion of the upper part of a komatiite flow. In every
crystallizing magmatic unit, a thermal gradient exists
within the outer crust that separates the hot liquid interior
from the colder surroundings. In a basaltic lava flow, the
temperature difference between liquidus and solidus is
small (~100°C) and only a very thin layer of partially
molten rock separates magma from totally solid crust. In
komatiite, the temperature difference between liquidus
and solidus is as much as 500°C, resulting in a thick zone
in which olivine crystals are bathed in silicate liquid
(Arndt, 1976, 1994). In our study we tested the hypothesis
that spinifex texture forms by crystallization of magma in
the temperature gradient across this zone.

EXPERIMENTAL PROCEDURES

To explore the effect of a thermal gradient on the
crystallization behavior of olivine and pyroxene, we con-
ducted a series of experiments on four compositions in
the system CaO-MgO-Al,O3-Si0Oy. The specific com-
positions, three with olivine as the liquidus phase named
Fo III, Fo VI and Fo VII and one with clinopyroxene on
the liquidus named Cpx I, were chosen to match the
compositions of natural komatiites. Starting materials
(Table 1) were mixtures of reagent-grade oxides that
had been melted above their liquidus temperatures for
6 h, quenched in water, and then ground to fine powder
in an agate mortar. The resulting glass powder was
loaded into 6-10 cm long graphite crucibles that were
placed in the upper part of a vertical high-temperature,
gas-mixing furnace (GERO HTRYV 70-250). Graphite,
instead of platinum, was used to minimize the wetting
of the container wall by the ultramafic melt. Depend-
imng on the exact location of the graphite crucible
above the hot zone of the furnace, the thermal gradient
varied between 34-4 and 2-5°C/cm (Fig. 2). The
thermal gradient was determined by measuring tem-
peratures with a PtRhg/PtRhs, thermocouple at the
end of a ceramic rod as the thermocouple was moved
up from the hot centre to the upper cold end of the
furnace. The thermocouple had previously been cali-
brated against the melting points of gold (1064°C) and
palladium (1552°C).

A flow of Ar maintained a reducing atmosphere in
the furnace to avoid oxidation of the graphite crucible.
At the start of each experiment the tube was held entirely
above the liquidus temperature of the starting material.
After melting, the length of the experimental charge was
reduced from 6-10cm to about 3-5cm as a result of
compaction and release of air bubbles in the starting
material.

To explore the role of the thermal gradient on crystal-
lization, a series of experiments was undertaken in which
the cooling rate and the thermal gradient were varied

Table 1: Bulk compositions of starting material

determined by electron microprobe

Fo lll Fo VI Fo VIl  Cpx|
SiO, 50-71 51-356 46:72  53-80
AlL,O3 13-55 14-54 13-06 11-60
MgO 17-80 16-36 22-34 14-44
Ca0 17-93 17-73 17-86 19-43
Liquidus phase  olivine olivine olivine  clinopyroxene
7T liquidus (°C) 1342 1320 1429 1305
Second phase clinopyroxene clinopyroxene n.d. anorthite
and T (°C) 1284 1280 1267

n.d., not determined.

independently. The majority of experiments were carried
out with cooling rates between 2 and 5° C/h, rates that
correspond to those in the interiors of lava flows but are
an order of magnitude lower than those needed to grow
dendritic crystals in conventional dynamic crystallization
experiments (Donaldson, 1982; Faure et al., 20034). The
thermal gradient was varied from 18-4 to 20-2°C/cm,
also like those calculated for the upper zones of komatiite
flows. To explore the effects of more rapid cooling, as in
the outer chill zones of lava flows, we also conducted
experiments at cooling rates of 10 and 1428°C/h. Two
additional series of experiments were also performed: in
the first, the charges were cooled slowly, at 5°C/h, to
crystallize spinifex texture and then held isothermally for
several hours; in the second, the cooling rate was the
same (5°C/h) but the thermal gradient was much lower
(2:5-3-2°C/cm).

Another experimental procedure was used to explore
the influence of crystals present in the charge before
crystallization in the thermal gradient. After a period of
melting above the liquidus temperature, the charge was
cooled rapidly until the temperature at the top of the
charge was just below the liquidus whereas the tempera-
ture at the base of the charge remained above the lig-
uidus. The charge was maintained in this thermal
configuration for 1h and then was slowly cooled at
5°C/h in a large thermal gradient.

Each experiment was terminated by dropping the
charge into water, generally before the crystallization
front had reached the end of the capsule. The charge
was then cut along its long axis and polished, and the
positions of olivine and pyroxene crystallization fronts
were measured. The charges were studied in thin section
and by scanning electron microscopy (SEM), and glass
compositions were analyzed on the Cameca SX50 elec-
tron microprobe at the Universit¢é Henri Poincaré,
Nancy.
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Fig. 2. Sketch of the experimental configuration showing that the thermal gradient varies from weak (7°C/cm) to strong (35°C/cm), depending
on the vertical position of the capsule within the furnace, shown as a rectangle with grey layers representing the experimental charge.
Conventional dynamic crystallization experiments are conducted with the charge at the center of the furnace where the thermal gradient is

minimal.

Figure 3 shows a scanned image of a typical experi-
mental charge (Fo VI-18), which was cut along its length
and transformed into a thin section. In this type of image,
the olivine crystals are nearly transparent and very diffi-
cult to distinguish from the glass, and only the clinopy-
roxene crystals are visible. However, olivine crystals are
readily identified with SEM or optical microscope and by
using these methods we were able to establish accurately
the crystallization fronts of both olivine and pyroxene.
Because our calibration provided an accurate relation-
ship between position in the charge and temperature, the
temperature at the onset of olivine and clinopyroxene
crystallization could be determined with precision. This
feature, a major advantage of the experimental set-up,
gave us information about the crystallization history of
rapidly cooled silicate liquids that is totally inaccessible in
normal dynamic crystallization experiments.

EXPERIMENTS WITH OLIVINE AT
THE LIQUIDUS

Olivine in komatiite flows displays a wide variety of
habits, from equant solid polyhedral crystals in the chilled
margins and cumulate zones, to fine, randomly oriented
skeletal grains in the uppermost part of the spinifex zone,
and to large, complex dendritic crystals deeper in the flow
(Fig. 1). In our experiments, we were able to reproduce
all these textures. We found that the morphology of
olivine crystals depends critically on the experimental
conditions, as illustrated in Table 2.

Fo VI-18

cpx
olivine

4.1cm fracture

olivine
spinifex
+
glass
graphite
crucible

glass

Fig. 3. Scanned image of an experimental charge cut along its length
and polished.
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Table 2: Experimental conditions and resulls of experiments performed with compositions that have olivine at the liquidus

Run Cooling Thermal Starting Charge Total run Olivine-in(°C) Degree of Clinopyroxene-in(°C)
rate(°C/h) gradient(°C/cm) temperature(°C) length(cm) duration(h) undercooling(°C)

FoVI-11 5 25 1327 6-3 2:2 >1317

FoVI-13 5 32 1325 42 1 1320

FoVI-14 5 20-2 1358 45 20 1261 62

FoVI-15 5 20-7 1375 41 39 >1254 1236

FoVI-17 5 19-9 1363 4-4 30 1265 54 1231

FoVI-18 5 19-4 1373 41 34 1269 50 1238

FoVI-20 5 19-4 1366 4-4 25 1262 57

FoVI-21 5 18-4 1395 43 30 1262 57

FoVI-23 10 20 1374 4-4 17 1260 59 1232

FoVI-22 5 189 1356 41 25 + 41 1282 37

FoVI-24 5 30-6 1373 43 25 + 9f 1307 12

Folll-1 5 19-4 1371 52 28 1293 49 1238

Folll-2 5 20 1371 35 42 >1249 1220

Folll-3 5 20-3 1371 4-6 50 >1208 >1208

Folll-6 1428 20 1371 49 0-16 >1247 1224

Folll-11 2 19-6 1371 48 79 1287 55 1226

Folll-24 5 73 1344 53 182 1290 52

FoVIl-6 5 25-8 1404 55 46-5 >1295

FoVII-7 5 25-2 1422 53 3756 >1347

FoVII-8 5 21 1422 46 23-5 1392 36

FoVII-11 5 18-6 1483 42 23-5 1394 34

FoVII-12 5 19-9 1473 42 27-8 1391 37

*At the top of the charge.
flsothermal step of 4 and 9 h after the slow cooling of 25 h.

Slow cooling rate and large
thermal gradient

Texture

Up to three phases were observed in the experimental
charges—olivine, clinopyroxene, and glass that repre-
sents quenched silicate liquid (Fig. 4a). In experiments
undertaken at typical cooling rates (2-5°C/h) and in
normal thermal gradients (~20°C/cm), sparse, long and
thin blades of olivine extend a centimeter or more below
a front of more densely crystallized pyroxene-rich mate-
rial. These textures are similar to what is seen in natural
komatiites (Iig. 4b). At the olivine crystallization front,
near-vertical olivine crystals range in habit from thin
(Fig. 4a) to broad (Fig. 5a and b), depending on
the orientation of the section. When the olivine grains
are observed with a petrographic microscope in sections
parallel to the (010) plane, these large olivine grains are
seen to form parts of dendritic crystals (Fig. 6) whose
overall habit is similar to that of swallowtail olivine fibres
produced in dynamic cooling experiments (Faure et al.,

2003a).

The large dendritic olivine plates are oriented per-
pendicular to the cooling front (Figs 4a and 5a). When a
crystal 1s oriented slightly obliquely to this direction, the
crystal growth stops then restarts with an orientation
closer to parallel to the thermal gradient (Fig. 7). The
growth of more oblique crystals terminates when the
crystal reaches vertically oriented grains. This process,
which is the probable cause of the preferred orientation
of spinifex-textured crystals in komatiite lava flows, is
particularly well observed in charges where there are
few spinifex crystals.

In cross-section, olivine forms parallel rods with planar
or lumpy outlines (Figs 4a and 5a, b). In some samples,
the rods seem to have formed by juxtaposition of skeletal-
shaped units (Fig. 5a and b) in a similar way to the growth
of dendritic olivine in conventional dynamic crystalliza-
tion experiments, as observed at nanometer scale using
transmission electron microscopy (Faure et al., 20035).

The matrix of the charges consists of pyroxene and
glass. Pyroxene crystals are randomly distributed in the
glass, suggesting an absence of a systematic relation
between the crystallographic orientation of pyroxene
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A

Fig. 4. Photomicrographs comparing olivine and pyroxene grains in (a) an experimental charge (Fo III-2) and (b) natural spinifex-textured
komatiite (Alexo flow, Abitibi greenstone belt). It should be noted that the distinctive morphology and the preferential orientation of olivine
crystals in natural spinifex-textured komatiite are reproduced in the experiments. Typical pyroxene textures are also developed, with pyroxenes
crystallizing between the olivine plates just as in the natural lava.

platy olivines
with preferred
_orientation

Fig. 5. Backscattered electron images showing platy spinifex olivine crystals. (a) Platy spinifex crystals are elongated in the heat flux direction,
which is parallel to the capsule wall (Fo VII-6: cooling rate 5°C/h, thermal gradient 25-8°C/cm). (b) Large olivine blade cut at an oblique angle to
the (100) plane. The blade seems to have formed by the juxtaposition of units that have a pseudo-hexagonal shape limited by (010) and (021) faces
(Fo III-11: cooling rate 2°C/h, thermal gradient 19-5°C/cm).
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Mo,

Fig. 6. Transmitted-light photomicrograph showing a spinifex olivine
crystal observed in section parallel to (010) plane. (Fo VI-18: cooling
rate 5°C/h, thermal gradient 19-4°C/cm).

. y &
ﬂermal g ]
~ gradient ; _

Fig. 7. Transmitted-light photomicrograph showing a contact between
two olivine crystals. The first crystal (above) has grown slightly obli-
quely to the heat flux direction. Its growth has stopped and a new
crystal (below) has developed on the first one but with a direction of
elongation parallel to the thermal gradient (Fo III-11: cooling rate
2°C/h, thermal gradient 19-5°C/cm).

Fig. 8. Transmitted-light photomicrograph (crossed polars) displaying
plumose clinopyroxene crystals with prominent radiating fibers
(Fo III-2: cooling rate 5°C/h, thermal gradient 20°C/cm).

Table 3: Electron microprobe analyses of clinopyroxenes

Equilibrium Microspinifex Microspinifex Macrospinifex
pyroxene pyroxene pyroxene pyroxene
Fo-VI-15 CPX-I-1 CPX-I-1
SiO, 55-11 51-98 53-92 54-24
AlL,O3 1-81 6-41 4-20 279
MgO 20-05 18-42 19-61 19-86
Ca0 23-01 2317 22:25 23-09

See Table 2 for run conditions.

and olivine crystals. The clinopyroxene crystals between
the larger, vertically oriented olivine grains have plumose
and chain morphologies (Fig. 4a) with shapes very similar
to those observed in natural komatiites (compare Fig. 4a
and b). In particular, the strongly curved shape of plum-
ose pyroxene is reproduced (Fig. 8). This peculiar crystal
morphology, which resembles that of spherulites, is
observed throughout the zone in which the clinopyrox-
ene crystallizes, but most conspicuously directly at the
pyroxene crystallization front. The plumose clinopyrox-
ene crystals have the Al-rich compositions (T'able 3) char-
acteristic of pyroxene in natural komatiite flows (Nesbitt,
1971; Arndt & Fleet, 1979). By comparison, clinopyrox-
ene grown in equilibrium conditions, as in previous
experiments undertaken to determine the liquidus phase
relations given in Table 1, has low Al contents, as shown
in Table 3.

Position of olivine and clinopyroxene crystallization fronts

As noted in the section on experimental procedure, the
positions of the olivine and clinopyroxene crystallization
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Fig. 9. Sketches summarizing the results of experiments performed with Fo VI starting composition. Each diagram shows the positions of olivine
and pyroxene crystallization fronts at the time of quenching. The four lower diagrams summarize the mode of crystallization of spinifex in the
upper part of a komatiite flow. Calibration of the relation between temperature and position in the furnace allowed us to determine the
temperature of onset of olivine and pyroxene crystallization (labeled “T ol in” and “T cpx in’). These temperatures are well below the equilibrium
liquidus temperatures (“I" ol liquidus’” and “I" cpx liquidus’) and define the degree of undercooling (-A7).

fronts allow us to estimate the temperatures at the onset
of olivine and clinopyroxene crystallization. Seventeen
experiments were performed to determine accurately
the position of these crystallization fronts as a function
of cooling rate, thermal gradient and liquid composition

(Table 2). From equilibrium experiments (Table 1) we
know that in the Fo VI composition, the liquidus tem-
peratures of olivine and clinopyroxene are 1320°C and
1280°C, respectively. From Fig. 9 we see that in our
thermal-gradient experiments, the base of the olivine
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Fig. 10. Sketches displaying the positions of the olivine crystallization front at the time of quenching in experiments performed with Fo VII
starting composition. All charges were quenched before crystallization of clinopyroxene.

crystallization front lies about 3 cm above the 1320°C
isotherm. For the thermal gradient in the furnace,
this corresponds to a large temperature difference
between the equilibrium liquidus and the onset of olivine
crystallization, or a degree of undercooling (-A7) of
about 56°C. The pyroxene crystallization front has
a—AT of about 46°C.

Starting composition Fo VII shows similar phase
assemblages but different degrees of undercooling
(Table 2 and Fig. 10). This composition is richer in
MgO than Fo VI and displays a smaller ~A7 for olivine
of about 37°C. Similarly, Fo III (Fig. 11), which has a
MgO content only slightly higher than Fo VI, has a
slightly lower —A7 value for olivine (52°C) and a higher
value for pyroxene (56°C).

Absence of the Soret effect

When a temperature gradient is present, chemical dif-
fusion can produce compositional zonation in an initially
homogeneous liquid, a phenomenon known as the Soret
effect [see Latypov (2003) for a recent review]. To test
whether this happened in our experiments, we analyzed
glass compositions at | mm intervals along a section from
the cold top to the hot base of an experimental charge (Fo
III-11). Figure 12 shows that except in the cold upper part
of the charge where olivine and pyroxene has crystallized,
the glass has a uniform composition, showing that the
Soret effect was absent. The compositionally homogen-
eous zone begins well above the olivine and pyroxene
crystallization fronts. This uniformity of chemical com-
position indicates that dendritic crystallization of sparse,
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Fig. 11. Sketches displaying the positions of crystallization fronts at the time of quenching in experiments performed with Fo III starting

composition.

widely separated olivine crystals changes the liquid com-
position in only a small region directly adjacent to the
crystals (see above) and the small number of olivine crys-
tals does not produce important variation of bulk liquid
composition.

Chemucal gradient around olivine crystals

In experimental charges containing widely spaced
olivine crystals, microprobe analysis of glass immediately

16

adjacent to a crystal reveals a narrow zone (<100 um)
of olivine-depleted (MgO-poor, AlyOgs-rich) liquid
(Fig. 13). The shape of this zone—a bulbous front at
the tip of the crystal and gradually increasing thickness
up the stem—indicates that olivine-poor liquid builds
up ahead of the growing crystal. Similar results
obtained in boundary layers around dendritic crystals in
conventional dynamic crystallization experiments
(Faure, 2001; Faure & Schiano, 2005) or observed
in rocks (e.g. Roeder e al, 2001, 2003) are
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Fig. 12. Weight % of oxides vs position, from the cold top to the hot
bottom of the experimental charge, showing absence of the Soret effect
in the glass (Fo III-11: cooling rate 2°C/h, thermal gradient
19-5°C/cm).

interpreted in terms of diffusion-controlled crystal
growth.

Cooling rate effect

To investigate the effect of more rapid cooling rates, we
undertook experiments at 10 and 1428°C/h. In the
10°C/h experiment, olivine crystals no longer have the
elongate shapes that characterize the spinifex olivines but
instead display hopper morphologies (Fig. 14a). These
crystals have more equant skeletal forms, sometimes
with the ‘baby swallowtail’ shape that represents the
onset of dendritic growth (Faure et al, 2003q). In the
charge cooled at 1428°C/h, the olivine crystals have a
complex dendritic morphology but they are randomly
distributed in the charge (Fig. 14b and Fig. 14c). The
morphologies of these crystals are very similar to those
produced at similar cooling rates in conventional
dynamic crystallization experiments. It is important to
note that the temperature of clinopyroxene crystallization
remains unchanged in these rapid-cooling experiments,
suggesting that the crystallization of a second phase
(clinopyroxene in this case) is not affected by the thermal
gradient.

It therefore appears that the thermal gradient has little
effect on the crystal habit when the cooling rate is high.
Under such conditions, the form of the crystals closely
resembles that observed in random spinifex-textured
lava in the upper Ay horizon of komatiite lava flows.

In contrast, when the cooling rate is stopped after a
period of slow cooling (5°C/h), spinifex growth stops as
well, and new generation of olivine appears. These new
crystals show a hopper shape.

Thermal gradient effect

Two experiments with the Fo VI composition were car-
ried out with a small thermal gradient (2-5 and
3-2°C/cm) and a low cooling rate (5°C/h). In both
experiments, clusters or individual crystals of olivine
(Fig. 15) had an equant habit rather than the elongate
dendritic form of the crystals that grew in larger thermal
gradients or at higher cooling rates. Olivine crystals with
similar habits are common in chill and By, zones of
komatiite lava flows (Jerram et al., 2003). The aggregation
of crystals into clusters probably resulted from the syn-
neusis process, as proposed by Schwindinger & Anderson
(1989) for glomeroporphyritic olivines in Kilauea Iki
basalts.

Olivine with an equant habit crystallized only in
experiments with very small thermal gradients
(<5°C/cm): as the thermal gradient was increased to
rates >5°C/cm, the crystals developed a preferred ori-
entation and a dendritic morphology. For example, the
form of olivine and pyroxene crystals that grew in the
experiment with a moderate thermal gradient of
7-3°C/cm (Fo I composition, experiment Folll-24
Table 2) is very similar to those of crystals from experi-
ments with greater thermal gradients. [Direct compari-
son with experiments conducted at low gradients (2-5 and
3:2°C/cm) was not possible because the 7-3°C/cm
experiment was carried out using the Fo III composition.
However, because the Fo VI and Fo III compositions are
not very different (Table 1), these results suggest that even
a weak thermal gradient allows spinifex-like crystals to
form, and that only very small thermal gradients prevent
this from happening.

EXPERIMENTS WITH PYROXENE AT
THE LIQUIDUS

In many spinifex-textured komatiitic basalts, pyroxene,
not olivine, is the liquidus mineral. In some rocks, long
thin needles with pigeonite cores and augite mantles are
oriented perpendicular to the flow top; in others smaller
augite crystals with diverse textures and morphologies are
the dominant component (Nesbitt, 1971; Fleet & McRae,
1975; Arndt & Fleet, 1979). To investigate the effect of a
thermal gradient on the crystallization of pyroxene, we
performed four experiments (Table 4) with a starting
composition that had pyroxene as the liquidus phase
(Table 1).
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Fig. 13. Compositional profiles at the interface between an olivine crystal and silicate liquid (Fo III-11). Compositions have been measured in the
glass along profiles perpendicular and parallel to the direction of propagation of the crystal. The presence of a similar boundary layer at the tip of
the crystal and on its side should be noted (Fo III-11: cooling rate 2°C/h, thermal gradient 19-5°C/cm).

dendritic
clinopyroxene

randomly /Y

olivine blades

200t m

Fig. 14. Morphology and orientation of crystals in rapidly cooled charges. (a) Transmitted-light photomicrograph showing both skeletal hopper
olivine crystals and crystals displaying the ‘baby swallowtails’ that signify the beginning of dendritic morphology. These crystals are set without
preferential orientation in glass (Fo VI-23: cooling rate 10°C/h, thermal gradient 20°C/cm). (b) Backscattered electron image showing dendritic
olivines randomly distributed throughout the charge (Fo III-6: cooling rate 1428°C/h, thermal gradient 20°C/cm). (c) SEM image of the same
zone as shown in (b) but observed in cathodoluminescence mode. Under these conditions, clinopyroxene as well as olivine is visible as black

crystals in the gray glassy matrix.

In one experiment (Cpx I-9 Table 4), the entire charge
was Initially heated above the liquidus. After quenching
of this experiment, the charge was totally vitreous, even
though the temperature at the top of the charge (1218°C)

at the time of quenching had been well below the equi-
librium pyroxene liquidus (1305°C, so —AT = 87°C;
Fig. 16). This result is coherent with classical dynamic
crystallization experiments that show that pyroxene
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Fig. 15. Transmitted-light photomicrograph of equant olivine crystals
in a glassy matrix. The presence of olivine clusters and individual
crystals should be noted (Fo VI-13: cooling rate 5°C/h, thermal gra-
dient 3-2°C/cm).

nucleates only at high degrees of supercooling
(Kirkpatrick et al., 1976, 1981). The three other experi-
ments were carried out with initial temperatures at the
top of the charge that were 18°C to 94°C below the
pyroxene liquidus. The textures produced in these
experiments are illustrated in Figs 17 and 18. Pyroxene
has two distinct habits. The dominant type consists of
large elongate crystals that display a strong preferred
orientation parallel or sub-parallel to the thermal gradi-
ent (Fig. 17b). Each crystal seems to be composed of
several tubular units, each with a hollow core. They
precisely mimic the morphology of pyroxene in the
‘string-beef” spinifex that is present in the upper parts of
differentiated komatiitic basalt flows (Arndt e al., 1977;
Arndt & Fleet, 1979). As in the natural lavas, the pyrox-
ene crystals are generally more elongate than most olivine
spinifex crystals: in some parts of the experimental
charges, pyroxene needles ~100 um thick may exceed
3 cm in length. It is difficult to determine precisely their
lengths because of cross-section effects that are always
present when crystals have a tubular shape, but the crys-
tals in the charges CPX I-1 and CPX I-10 seem to be
stopped only by the graphite at the base of the crucible.
Other pyroxene crystals are smaller, more equant and
have random orientations (Fig. 17a). They are observed
only in zones where large elongate pyroxene grains have
not crystallized and invaded all available space. They
have complex morphologies, consisting of various acicu-
lar, chain-like or plumose elements, and, as such, they
strongly resemble pyroxene grains interstitial to larger
oriented needles in natural komatiites. The chemical
compositions of the two types of pyroxene in the experi-
mental charges are different. The large, elongate, ori-
ented needles have lower aluminum contents than chain
and plumose pyroxenes (Table 3). However, both are

richer in aluminum than pyroxene grown in equilibrium
conditions.

The second phase in the experimental charge is anor-
thite, which forms elongate blades between elongate pyr-
oxene needles (Fig. 18a and b). The anorthite blades are
oriented at a high angle to the larger pyroxene needles
and appear to have nucleated on the pyroxene. The
arrangement suggests a crystallographic relationship
between anorthite and pyroxene similar to that observed
in experiments (Grove, 1978; Lesher et al., 1999) and in
spherulites in mid-ocean ridge pillow basalts (Kirkpatrick,
1978; Faure & Schiano, 2004). In all parts of the charges
that were quenched from above the solidus temperature,
glass remains as an interstitial phase (Fig. 18b); the pro-
portion of glass is far smaller, however, than in the more
magnesian charges that crystallized to olivine spinifex
textures.

The positions of clinopyroxene and anorthite crystal-
lization fronts are represented in Iig. 16. The onset of
the clinopyroxene crystallization is well below the
liquidus temperature with a degree of undercooling
(-AT = 37°C) similar to that in experiments on charges
with olivine at liquidus. The anorthite crystallization
front displays a very large degree of undercooling

(AT > 100°C).

DISCUSSION
Origin of spinifex texture

One of the main results of this experimental study is that
we were able to grow large, preferentially oriented crys-
tals of olivine and pyroxenes at low cooling rates. These
crystals were oriented parallel to the thermal gradient, in
the same manner as the megacrysts in natural spinifex-
textured komatiites. At cooling rates like those that pro-
duce equant, solid crystals in traditional dynamic crystal-
lization experiments, we grew eclongate crystals with
dendritic morphologies like those of spinifex-textured
lavas. The key difference between our experiments and
those in earlier studies was the presence of the thermal
gradient. We are, therefore, confident that both in the
experimental case and in natural komatiite lavas, the
presence of this gradient is a key element in the formation
of spinifex texture.

Preferred orientation of megacrysts in spinifex-textured lavas

In the experimental charges, as in natural lavas, spinifex-
textured olivines or pyroxenes tend to be oriented per-
pendicular to the cooling front (Fig. 4a and b). This
geometry arises because only vertically oriented crystals
can grow downward into nutrient-rich liquid, as with
Bridgman growth of large single crystals. The others
eventually collide with vertical crystals. The preferred
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Table 4: Experimental conditions and results of expervments performed with compositions that have clinopyroxene at liquidus

Run Cooling Thermal Starting Charge Total run Clinopyroxene Degree of Anorthite
rate(°C/h) gradient(°C/cm) temperature® length(cm) duration(h) in (°C) undercooling(°C) in(°C)

Cpx I-1 5 319 1211 4.7 234 >1233 1160

Cpx I-2 2 301 1239 4.0 255 1270 35 <1184

Cpx I-9 5 27-4 1356 4-0 27

Cpx I-10 5 34-4 1287 42 42 >1210 1170

*At the top of the charge.

orientation, therefore, results directly from the thermal
gradient. Shore & Fowler (1999) have shown that heat
is transferred rapidly by radiation along the a-axis of
elongate olivine crystals. The geometry of the crystal
front therefore allows efficient evacuation of latent heat
of crystallization from the site of crystallization to the
cool end of the capsule, thereby enhancing the thermal
gradient effect.

Dendritic morphology

The sketches displaying the positions of crystallization
fronts at the time of quenching (Figs 9-11) show a large
temperature difference between the equilibrium liquidus
and the onset of the olivine crystallization (A7 =
37-56°C, depending on the starting composition). Such
a large degree of undercooling is surprising because:
(1) Donaldson’s (1979) experiments on magnesian silicate
liquids showed that, unlike pyroxene and plagioclase,
olivine nucleates at minimal degrees of undercooling
when the cooling rate is low; (2) in our experiments,
olivine grows downward from earlier-formed crystals
and nucleation of new crystals is not required. However,
Faure ¢ al. (20034) found that in conventional dynamic
crystallization experiments conducted at high cooling
rates (~400°C/h), a large —~AT of 60-70°C was also
required for the growth of dendritic olivine crystals. The
similar degree of undercooling measured in our thermal-
gradient experiments and in conventional dynamic crys-
tallization experiments suggests that a large —~A7T is also
responsible for the dendrite morphologies. How does
this happen?

The microprobe profiles of glass immediately adjacent
to the olivine crystals reveal a boundary layer depleted in
the olivine component. This change in chemical com-
position ahead of the crystal interface affects the liquidus
temperature, causing it to decrease around the spinifex
tip and to form a zone of constitutional undercooling.
The presence of this boundary layer means that the
growth of the olivine crystals will be controlled by dif-
fusion (Kirkpatrick, 1981; Baronnet, 1984). Just as during
rapid crystallization of strongly oversaturated liquids, the

zone of olivine-depleted, constitutionally undersaturated
liquid hinders crystal growth and leads to the dendritic
morphology (Faure, 2001). We suggest, therefore, that
the large —AT is related to the crystal growth process
itself, or more specifically, to the rate at which the olivine
components diffuse to the crystal and are transferred
from liquid to solid. The same conclusion applies to the
large, elongate pyroxene crystals.

Crystallization model of spinifex layers

In our experiments, the thermal gradients ranged from
about 2:5 to 34-4°C/cm and cooling rates from 2 to
1428°C/h. These rates are equivalent to those in natural
komatiite lava flows. In Fig. 19 we show the relation
between the two parameters in a relatively thin (2 m)
komatiite flow that crystallized from liquid with about
28% MgO, like those described at Pyke Hill (Pyke et al.,
1973). Nisbet (1982) and Nisbet ¢/ al. (1993) estimated the
eruption temperature of such a komatiite liquid at about
1560°C. The cooling rates and the variation of thermal
gradients with time and depth in the flow can be solved
analytically (Jaeger, 1968; Huppert et al., 1984). The
temperature of the upper surface is fixed at 0°C and
cooling at the lower contact is neglected. By analogy
with our experiments with Fo III and Fo VI composi-
tions, a degree of undercooling of komatiite lava equal
to 50°C is necessary to obtain crystallization of olivine
with dendritic morphology. It is then possible to calculate
the cooling rate and the thermal gradient within the
flow at the time when olivine crystals developed their
dendritic shape and preferential orientation.

Figure 19 shows that when the thickness of the solid to
partially crystallized upper margin of the flow has
reached 70-80 cm, the cooling rate is less than 10°C/h
and the thermal gradient is about 20°C/cm. This depth
coincides with the top of the As zone in 2m thick
komatiite flows of Pyke Hill (Pyke et al., 1973). In other
words, the conditions under which we produced long
dendritic olivine crystals with preferred orientations in
our experiments correspond to those during the cooling
of komatiite flows with similar textures.
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the time of quenching in experiments performed with CPX I starting

composition. Charge CPX I-9 was totally vitreous although the temperature even at the cold end of the capsule was well below the temperature of
the onset of olivine and clinopyroxene crystallization under equilibrium conditions.

More generally, as shown in Fig. 19, the range of
conditions in our experiments covers the evolution of
conditions from the initial fast cooling in the outer crust
of the flow, through cooling at moderate rates in the

presence of large thermal gradients in the interior of the
spinifex zone, to slower cooling in the presence of a weak
thermal gradient in the deep interior of the flow. The
chilled margins of komatiite flows normally contain a

1
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Acicular
pyroxene
crystals

Fig. 17. SEM images showing clinopyroxene morphologies. (a) Cathodoluminescent image of acicular pyroxene crystals oriented parallel to the
thermal gradient, and plumose pyroxene set randomly in a glassy matrix (Cpx I-1: cooling rate 5°C/h, thermal gradient 31-9°C/cm). (b)
Backscattered electron image of oriented, acicular, spinifex-like pyroxene crystals. The darker area between the acicular crystals is composed of
glass and crystals of anorthite. This texture closely resembles ‘string-beef” pyroxene spinifex texture in natural komatiitic basalt lavas. (Cpx I-10:

cooling rate 5°C/h, thermal gradient 34-4°C/cm).

small fraction (<5 to 20%) of polyhedral olivine phe-
nocrysts, and on this basis it is generally accepted that
these lavas erupted at temperatures close to their liquidus
(Renner et al., 1994). Although the parental magma may

have become superheated as it rose from its deep
mantle source along a gradient steeper than the
liquidus, the magma must have lost heat and started to
crystallize during its passage through the crust and out
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anorthite
+
glass

thermal
. gradient

Fig. 18. Backscattered electron images of (a) acicular, spinifex-like pyroxene crystals in a matrix of anorthite and residual glass (Cpx I-1: cooling
rate 5°C/h, thermal gradient 31-9°C/cm); (b) enlargement of the area outlined in (a). Anorthite crystals display a preferred orientation and seem

to be growing on the acicular clinopyroxene grains.

onto the surface. These olivine grains grew under
moderate cooling rates in the absence of a thermal
gradient and they have an equant, polyhedral habit.
Crystals with this morphology settled to the base of the
flow or grew in place to form the lower cumulate zone
(Iig. 1).

The initial rapid cooling caused the rapid crystalliza-
tion that created the random spinifex texture in the upper
part of the flow. Conventional dynamic crystallization
experiments reproduce these skeletal and dendritic crys-
tals (Donaldson, 1976; Faure ¢ al., 20034) and there is no
ambiguity in relating random spinifex to fast cooling
rates. Indeed, we demonstrated with our experiments
that the thermal gradient has little influence on the crystal
habit when the cooling rate is high. Deeper in the lava
mnterior the cooling rate diminishes radically (Donaldson,

1982) and the thermal gradient controls both the
morphology of crystals and the preferred orientation of
spinifex crystals.

Spinifex layers, therefore, record a two-stage crystal-
lization process. The uppermost layers (A; and Ay),
where the olivine crystals are small and randomly
oriented, correspond to crystallization controlled mainly
by cooling rate, whereas the third layer (As), where the
crystals are larger and oriented perpendicular to the
form contact, formed by crystallization controlled by
the thermal gradient.

The peculiar morphologies of the chain-like and
plumose pyroxene crystals between olivine spinifex
crystals in the Ay, and Aj; horizons were interpreted
by Fowler et al. (2002) as the result of pronounced
undercooling or late devitrification of interstitial glass.
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Fig. 19. Diagram illustrating changes in cooling rate and thermal gradient during the crystallization of the upper part of a komatiite flow. In the
calculation there was 50°C of undercooling at the time of crystallization. The komatiite liquid was assumed to contain 28% MgO and to have an
equilibrium liquidus of 1560°C; the thermal diffusivity used was 9-65 x 1077 m*/s (Renner, 1989). The vertical axis corresponds to depth within
the komatiite flow (in m). The Ay horizon (random spinifex) forms where the cooling rate is >10°C/h. For lower cooling rates, the thermal
gradient controlled the morphology and orientation of the olivine crystals, and platy spinifex of the Az horizon results. The thermal gradient at
this transition is about 20-25°C/cm, a value similar to that used in our experiments. This cooling rate transition is represented in the diagram by
the vertical long-dashed line. The corresponding thermal gradient is shown by the vertical short-dashed line.

However, the same type of crystals are present directly
above the crystallization front in experimental charges
that were quenched from temperatures above the glass
transition. These crystals clearly grew from silicate liquid.
Their random orientation and location between down-
ward-directed olivine grains suggests further that they
grew in the absence of a pronounced thermal gradient.
Their chain-like and plumose morphology probably is
acquired at the high degree of undercooling brought
about by the delay in pyroxene nucleation.

CONCLUSIONS

Our experiments demonstrate that spinifex is a natural
consequence of crystallization in the thermal gradient of
the crust of a hot, dry komatiite lava flow. In the presence
of a temperature gradient, if the cooling rate if not too
high (<10°C/h), olivine crystallizes in the form of spin-
ifex blades that form parts of large dendritic crystals and
are oriented perpendicular to the cooling front. The
effect is most pronounced at low cooling rates of
2-5°C/h, like those estimated during solidification of
the central parts of spinifex layers in magnesium-rich
lava flows. We have, therefore, found a solution to the
paradox surrounding the growth of olivine with dendritic
morphology deep in the interior of komatiite lava flows.

The dendritic morphology arises from the peculiar
geometry associated with constrained crystal growth in
the crust of the flow, and is not a consequence of rapid
cooling. The presence of water is not a requirement for
spinifex texture to form.

Another important result is the measurement of large
degrees of undercooling at the onset of the crystallization
of olivine and pyroxene in the komatiite experimental
charges. For olivine, the degree of undercooling varied
between 37 and 56°C, for clinopyroxene the range was
from 46 to 56°C. Our experimental configuration affords
a unique capacity to measure accurately the degree
of undercooling as a function of cooling rate, thermal
gradient and starting composition.
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