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Abstract-Crystallization textures produced experimentally from eucrite Stannern show variations as
a function of initial melting temperature (T0) and linear cooling rate. Textures produced from mildly
superheated liquids are fasciculate,* rather than porphyritic, as a natural consequence of the
cosaturated bulk chemistry of Stannern-a feature shared with many other non-porphyritic lavas.
However, quasi-porphyritic textures may be developed at small initial superheat by differential
supercooling of plagioclase at rapid cooling rates. Lowering T 0 to introduce initial pyroxene
crystallites suppresses pyroxene phenocryst growth and quasi-porphyritic texture. Further lowering of
T O to supply the additional presence of initial plagioclase crystallites suppresses fasciculate texture
since plagioclase no longer uses pyroxene as a heterogeneous nucleation site as in fasciculate
intergrowth. The textures become intergranular to subophitic. Evidently T 0 determines the qualitative type of texture produced especially when the presence of initial crystallites usurps control of
texture from nucleation behavior. Cooling rate, on the other hand, determines the quantitative aspects
of texture, such as grain size and details of crystal morphology at any T 0 .
Intrafasciculate** plagioclase grown from magmas free of crystalline plagioclase shows a size
dependence on cooling rate which can be used to deduce the cooling rate of fasciculate-textured
Stannern clasts (0. l-100°C/hr). The size/cooling rate relation is insensitive to experimental
technique and only mildly sensitive to the first 50°C of superheating.

INTRODUCTION
There has been a recent rebirth of interest in the production of igneous rock
crystallization textures by means of laboratory experiments conducted at
controlled cooling rates. These experiments have largely been conducted on rock
compositions which display porphyritic crystallization textures. These studies
have led to the recognition that porphyries can be produced in simple, singlestage linear cooling events as well as in more obvious two-stage cooling histories
(in which phenocryst and groundmass crystallization are separated by an
increase in cooling rate). This has been demonstrated by a number of investigators on a wide variety of lunar basalt compositions; e.g., Lofgren et al. (1974),
Donaldson et al. (1975), Usselman and Lofgren (1976), Walker et al. (1976a),
Grove and Bence (1977), and Bianco and Taylor (1977). One might expect, as a
result of the discovery that porphyries can be produced by almost any cooling
history, that non-porphyritic textures should be relatively rare. Of course this

*Fascicle, a sheaf-like intergrowth.
**Within a fascicle.
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expectation is contradicted by petrographic experience, since many lavas in fact
do not have porphyritic texture.
We report here the results of controlled cooling experiments on Stannern, a
non-porphyritic representative of the eucrite basaltic achondrite class of meteorites. Eucritic meteorites are satisfying subjects for study in that they are in
some way an archetypal sort of basalt. Besides being the oldest and one of the
most compositionally uniform suites of basaltic rocks in the solar system, they,
like the most volumetrically abundant basalt types on the earth and the moon
(Walker and Hays, 1977), are simultaneously saturated at low pressures with
olivine, pyroxene, and plagioclase (± spinel ± metal). We wish to suggest that
this property of multiple saturation is an important factor in suppressing the
development of porphyritic crystallization textures.
We have studied the textural features produced in Stannern at differing
cooling rates and differing degrees of initial superheating. We also consider
crystallization features which may be useful as quantitative cooling rate indicators for use in interpreting eucrite textures.

EXPERIMENTAL METHODS

Several chips weighing a total of ~15 g were removed from Specimen #55 of Stannern from the
Harvard Mineralogical Museum. Fusion crust, where present, was removed with a carborundum
grinding wheel. The chips were crushed in a steel mortar and then ground to powder in an agate
mortar under acetone. The maximum grain size of particles in this powder was <40 µm, with the
average grain size <10 µm. The powder was washed in methanol and dried at 150°C overnight before
being stored in a plastic-stoppered glass vial.
Experiments were performed in high-purity Fe capsules in sealed silica glass tubes, as described in
Walker et al. (1976a, 1977). Charges were suspended in an alumina muffle tube (2.5 X 2.75 X 36")
which passed through the heated cavity of a Deltech DT-31-86-VT furnace. Thermal gradients due to
air convection were suppressed by inserting a Pt diaphragm inside the muffle tube about 1.5" above
the samples. Temperatures were controlled by monitoring a Pt6%Rh-Pt30%Rh (type B) thermocouple in the furnace heating cavity. Temperatures were measured and recorded on a Pt-Pt10%Rh (type
S) thermocouple inside the alumina muffle tube adjacent to the samples. This thermocouple was
calibrated against the melting point of Au (1064°C) with the thermocouple in its normal run
configuration and Au in the place of the charges. The large size of the muffle tube allowed as many as
five separate charges to be run simultaneously, all being equilibrated at the same initial conditions for
the same length of time and then quenched at different points in the cooling cycle.
Additional runs were performed on 0.004" Pt wire loops with 50-100 mg of powder. The
apparatus described by Williams and Mullins (1976) was operated at a f0, ~ 0.5 log units below the
Fe-FeO equilibrium with a CO/CO 2 gas stream. Quenching in all cases was accomplished by
electrically melting a Pt wire which suspended the charge. Water was the quenching fluid.
Cooling rates were controlled by inserting a linear millivolt ramp function generator, e.g., a
Eurotherm D 120 W, between the Pt6%Rh-Pt30%Rh thermocouple and the temperature control unit.
This procedure produces cooling rates which are non-linear to the extent that emf vs. T°C is
non-linear for the thermocouple. Experimental cooling rates are taken as the temperature drop
divided by the time as if the rate were linear.
The equilibrium temperature of phase appearance was determined by equilibrating rock powder
starting material at successively higher temperatures and quenching to see which phases remained.
Cooling rate runs were then performed at different cooling rates and from different initial
temperatures of equilibration.
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Phases present in charges of Stannern powder equilibrated at various temperatures are recorded in Table 1. Low calcium pyroxene and chrome-spinel are the
first minerals to crystallize from Stannern liquids at about 1170°C. Plagioclase
feldspar joins the crystallization assemblage after less than 3% (visual estimate)
of crystallization of pyroxene and spinel. The plagioclase appearance temperature is just above 1160°C with the Pt loop technique, but just above 1150°C with
the Fe capsule technique. A silica phase precipitates near 1075°C, above the
equilibrium solidus which is reached by 1050°C. These results are in accord with
those of Stolper (1977), who equilibrated Stannern in Mo and Fe metal in an
Hi/CO 2 gas stream near the Fe-FeO equilibrium; that is to say, pyroxene,
plagioclase, and spinel are very close to being simultaneously saturating phases of
the Stannern liquidus. Stolper ( 1977) also showed that olivine is a saturating
liquidus phase from work on neighboring compositions but that, because it is in
reaction relation, it does not crystallize.
A series of controlled cooling experiments in Fe capsules was conducted in
which cooling rate and temperature of quenching were varied. All runs were
begun by holding the charge more than 10 hours about 30°C above the
equilibrium liquidus (T0 = 1200 ± 8°C). Figure 1 shows the results of these
experiments. The curves labeled "px in", etc., indicate that experiments quenched
below this temperature contain pyroxene, etc. Curves of this sort have previously
been employed by Walker et al. (1976a) and Grove and Bence (1977) to give a
direct measure of the amount of supercooling required as a function of cooling
rate before crystallization of each phase begins. The equilibrium entry curves for
pyroxene, spinel, etc. are given in Figure 1 for reference. At cooling rates
<l00°C/hr, for example, pyroxene undercools relatively little before it crystallizes. The very abrupt drop of the "px in" curve at rates > 1000°C/hr is a result
of the recovery of glass without crystals from experiments cooled at these rates.
On the other hand, plagioclase and chrome-spinel sustain marked supercooling at
rates of 70°C/hr and apparently have their crystallization suppressed entirely at
cooling rates faster than a few hundred degrees per hour. This behavior is also
shown by the mesostasis minerals silica, ulvospinel, and ilmenite except that silica
entry is noticeably retarded below the equilibrium entry temperature even at the
slowest cooling rates investigated (~1 °C/hr). The disappearance of observable
glass is given by the dashed curve at the lowest temperatures. The maximum
shown in this curve at intermediate cooling rates investigated is thought to be an
artifact of observation. These cooling rates produce a matrix of micron-sized
crystals in which a small amount of liquid is difficult to detect.
Figure 1 shows that crystallizing Stannern at a finite cooling rate increases the
temperature interval of crystallization well beyond the equilibrium crystallization
interval. This crystallization interval is larger at faster cooling rates. Figure 1
shows that plagioclase and pyroxene also supercool differentially as a function of
cooling rate; i.e., the plagioclase curve drops before the pyroxene curve as cooling
rate increases.
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Table 1. Experimental results.
EQUILIBRIUM (ISOTHERMAL MELTING)

Run#

Hours

T°C

Phases*

FE CAPSULES
ST-

6
5
7
8
52
63
72
10
14
12

11
22
12
9
30
45
91
118
173
189

1181
1171
1167
1162
1153
1151
1148
1106
1067
1051

gl
gl
gl, px,
gl, px,
gl, px,
gl, px,
gl, px,
gl, px,
gl, px,
px, pl,

sp
sp
sp
pl, sp
pl, sp
pl, sp
pl, sil?, sp?
sil, sp

PT LOOPS
ST-100
101
107
103
105
104
102
sp

22
22
16.5
24.5
23
19
23

1200
1200
1175
1165
1160
1155
1150

gl (Fe?)
gl (Fe?)
gl, sp
gl, px, sp
gl, px, pl, sp
gl, px, pl, sp
gl, px, pl, sp

*Fe also a phase present in runs made in Fe capsules. gl = glass; px = pigeonite;
= spine!; pl = plagioclase; sil = silica; ilm = ilmenite; sulf = sulphide.

Figure 1 also shows the presence of a small amount of olivine in the runs
(indicated with circles around the run points). The portion of the diagram where
olivine is found is indicated by the hatched line. At intermediate and fast cooling
rates, olivine of intermediate Fo content occurs with the main sequence of early
crystallizing phases. The modal abundance of olivine apparently increases with
cooling rate, although the total amount present is <5%. At the slowest cooling
rates observed, olivine does not occur with the early crystallizing phases, but
appears only in the mesostasis paragenesis as nearly pure fayalite intergrown
with silica, ilmenite and immiscible glasses. The precipitation of olivine, which
has no equilibrium crystallization field, is thought to occur for the following
reason. Figure 2 shows a schematic temperature-composition liquidus section
through an olivine-pyroxene peritectic. Stannern's composition is the equilibrium
peritectic (Stolper, 1977) such that olivine is a saturating phase even though it
does not crystallize. ·Previous investigations of compositions crystallizing both
olivine and pyroxene in Fe capsules by Walker et al. (1976a) have shown that
pyroxene sustains noticeable supercooling while olivine shows practically none.
The dashed construction in Fig. 2 shows this tendency for crystallization under
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Table 1. (Continued).
CONTROLLED COOLING
Run#

T 0 °C/hrs

Tqucnch

Rate°C/hr

Phases

FE CAPSULES
ST-13
60
54
51
37
28
15
38
29
16
39
27
26
32
36
40
18
41
17
20
21
23
25
19
24
44
30
31
34
42
35
43
45

1200/17
1200 92.5
1202 24
1203 18.6
1204 39
1198 15.5
1206 22.7
1204 39
1198 15.5
1206 22.7
1204 39
1198 15.5
1198 15.5
1200 12.5
1200 17
1198 17
1199 14.3
1198 17
1208 19
1197 21.7
1200 10
1197 21.7
1200 15.6
1199 14.3
1197 21.7
1194 37.5
1200 12.5
1200 12.5
1200 12.5
1194 37.5
1200 12.5
1194 37.5
1194 37.5

~700°
1100
998
780
1151
1125
1100
1088
1050
1000
945
900
800
947
917
1150
1147
1138
1124
1081
1045
1018
977
935
858
1159
1146
1119
1071
1037
993
961
931

~1500
727
612
423
60
56.9
64.2
60.5
64.3
68.7
62.7
69.3
72.4
24.8
24.4
4.8
4.95
4.9
5.83
5.83
6.5
6.05
6.12
6.18
6.39
.95
1.17
1.15
1.26
1.08
1.22
1.13
1.14

ST-46
48
47

1173
1173
1173

18
18
18

1100
1055
975

58.4
61.6
64.2

gl, ol, px, sp
gl, ol, px, pl, sp
gl, ol, px, pl, sp

ST-49
50
53
64
65

1158 1
1158 1
1153
1149
1150

16.9
16.9
18.7
18.5
18.5

1101
974
932
830
859

59.
63.9
5.87
69.6
6.13

gl, px,
gl, px,
px, pl,
px, pl,
px, pl,

gl
gl, px
gl, ol, px
gl, ol, px?
gl
gl, px
gl, ol
gl, ol, px
gl, ol, px, pl, sp
gl, ol, px, pl, sp
ol, px, pl, sil, sp, ilm
ol, px, pl, sil, sp, ilm
ol, px, pl, sil, sp, ilm, sulf
px, pl, sil, sp, ilm, sulf
px, pl, sil, sp, ilm, sulf
gl, px
gl, px
gl, ol, px
gl, ol, px, sp
gl, px, pl, sp
gl, ol, px, pl, sp
gl, px, pl, sp
gl, ol, px, pl, sil, sp, ilm, sulf?
ol, px, pl, sil, sp, ilm, sulf
px, pl, sil, sp, ilm, sulf
gl
gl, px
gl, px, pl, sp
gl, px, pl, sp
gl, px, pl, sp
gl, px, pl, sil, sp, ilm
gl, ol, px, pl, sil, sp, ilm, sulf
gl, ol, px, pl, sil, sp, ilm, sulf

sp
pl, sp?
sil, sp, ilm
sil, sp, ilm sulf?
sil, sp, ilm, sulf?
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Table 1. ( Continued).
Run#

T 0 °C/hrs

Tquench

Rate°C/hr

ST- 66
67
68
70
71
73
74
75
76
55
61
57
58
56
62
59

1148
1148
1148
1148
1148
1145
1145
1145
1145
1250
1250
1248
1248
1248
1249
1249

18.3
18.3
18.3
23
23
48.6
48.6
48.6
48.6
17.2
12.5
18.5
18.5
18.6
21
17.6

1109
965
863
1063
890
1118
1053
966
895
954
806
762
605
943
812
930

54.4
63.8
67.9
5.57
6.07
.297
.32
.32
.33
63.4
68.6
68.2
65
5.73
6.07
2.2

Phases
gl, px, pl, sp
gl, px, pl, sil, sp
px, pl, sil, sp, ilm
px, pl, sil, sp, ilm
px, pl, sil, sp, ilm
gl, px, pl, sp
gl, px, pl, sil, sp
gl, px, pl, sil, sp, ilm
ol, px, pl, sil, sp, ilm
gl, ol, px, (pl)
ol, px, pl, sil, sp, ilm, sulf
gl, ol, px, pl, sil?, sp, ilm?
gl?, ol, px, pl, sp, sulf
gl, ol, px, pl, sp
px, pl, sp
ol, px, pl, sil, sp, ilm, sulf

PT LOOPS
ST-108
106
124
110
109
113
111
116
112
118
125
122
114
119
117
123
115
1Run

1201
1200
1200
1200
1164
1165
1165
1165 2
1165
1155
1155
1155
1155
1140
1140
1140
1140

13
14
14
12
16.7
12
12
24
12
24
24
30
24-30
24
25
30
30

895
991
957
961
933
934
962
981
960
960
981
919
870
960
960
960
960

61.2
5.93
1.5
2.88
51.3
16.9
5.52
6.1
1.33
62.4
5.8
3.8
3.0-3.2
60
6.0
3.0
3.0

px, pl,
gl, px,
gl, px,
px, pl,
px, pl,
px, pl,
px, pl,
gl, px,
px, pl,
gl, px,
gl, px,
gl, px,
px, pl,
px, pl,
px, pl,
px, pl,
px, pl,

sil, sp, ilm
pl, sil, sp, ilm, Fe
pl, sil, ilm, sulf, Fe
sil, sp, ilm, Fe
si}, sp, ilm
sil, sp, ilm? (Fe)
sil, sp, ilm, Fe, sulf
pl, sil, sp, ilm, Fe
sil, sp, ilm
pl, sil, sp, ilm, Fe
pl, sil, sp, ilm, Fe
pl, sil, sp, ilm, Fe
sil, sp, ilm, Fe
sil, sp, ilm, Fe
sil, sp, ilm, Fe
sil, sp, ilm, Fe
sil, sp, ilm, Fe

held ~1 hour at ll 72°C before 1158°C.
overshoot to 1175°C.

2lnitial

supercooled conditions where pyroxene is more greatly suppressed than olivine.
Under these conditions, Stannern crystallizes olivine along the metastable
extension of the olivine liquidus exposed by the differential depression of the
pyroxene liquidus. This mechanism explains the increase of modal olivine with
cooling rate, since exposure of the metastable olivine liquidus increases with
cooling rate. Furthermore, in experiments described below which were initially
equilibrated at temperatures below the pyroxene liquidus, early-formed olivine
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Fig. 1. Phase appearance temperature as a function of cooling rate for experiments
initially melted at 1200 ± 8°C for more than 10 hours in Fe capsules. Equilibrium entry
of phases shown for comparison by horizontal dashed lines. Experiments quenched
below "px in" curve contain pyroxene, etc. Circled experimental points also contain
olivine. Hatched line enclosing olivine-bearing runs emphasizes the absence of olivine at
1 °C/hr except for mesostasis fayalite.

was not observed, presumably because pyroxene is not supercooled in these
experiments and the metastable olivine liquidus is not accessible.
Apparently, cooling rates as slow as 1 °C/hr are slow enough to bring the
supercooled and equilibrium constructions in Fig. 2 nearly into register, since
early-formed olivine is no longer observed at this slow cooling rate. The
'STANNERN'

T

EQUILIBRIUM

.... ....

~FE,MGO
Fig. 2. Schematic liquidus section through a peritectic (Stannern's composition)
involving olivine, pyroxene, and liquid. Equilibrium configuration of liquidus curves
given in solid lines; supercooled conditions for depression of pyroxene liquidus greater
than olivine shown by dashed lines.
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CRYSTAL -

COOLED FROM 1200°C
,

j

+

Fe-CAPSULE
~·

Pt-LOOP

..,..a,.. ___ ,

Fig. 3. Range of experimentally produced textures is arranged in a matrix. Each
horizontal row contains four photographs produced at approximately the same cooling
rate. The rows are arranged from top to bottom in order of decreasing cooling rate. The
top row is approximately 60°C/hr, then 6°C/hr, and 1 °C/hr at the bottom. The first
two vertical columns (reading from left to right) compare textures produced in Fe
capsules to those produced in Pt loops for runs cooled from above the liquidus
(T0 = 1200°C). The third column shows textures produced when T 0 is such that
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LIZATION TEXTURES
COOLED FROM
1165°C

1155°C

pyroxene and spinel are present at the start of cooling but plagioclase is not. The fourth
column shows textures produced when T 0 is such that plagioclase, pyroxene and spinel
are all present at the start of cooling. Columns 2, 3 and 4 show experiments run in Pt
,loops. Comparison of A with B and E with F shows partial and nearly completed
crystallization, respectively. Individual fascicles are seen in glass matrix in E, whereas
they have intergrown and become indistinct in F with continued crystallization. The
scale bar in A applies to all photos.
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mesostasis fayalite observed at slow cooling rates results from departures of the
residual liquid composition from bulk equilibrium with crystals, because the
control on residual liquid compositions more nearly approaches surface equilibrium, as discussed by Walker et al. (1976a) and Grove and Bence (1977). The
non-systematic absence of olivine at intermediate cooling rates may be due either
to small lapses in experimental bulk composition control or to failure of the
section of the run products observed to intersect the small amount of olivine
present.
Textures observed in these experiments are shown in the first two columns of
Fig. 3. The left column shows experiments run in Fe capsules and the right
column shows experiments run in Pt loops. Cooling rate decreases down each
column. Using Fe capsules rather than Pt loops has little effect on sample
texture. In Figs. 3a and b, both experiments show similar olivine and pyroxene
morphology. In 3a, crystals are dominantly of the lattice variety, and in 3b they
are of the chain variety. [Both terms are used as by Donaldson (1976)]. The two
morphologies often occur together. To the extent that the lattice and chain
shapes can be distinguished by cooling rate, the lattice is typical of a higher
cooling rate and may reflect the slight difference in cooling rate between the two
runs. The presence of finely crystalline matrix in 3b is explained by its much
lower quench temperature (895°C).
The fasciculate textures in Figs. 3e and f are also quite similar. Both show
elongate, skeletal pyroxene and fan-spherulitic pyroxene with plagioclase. Differences between the two runs are attributed to the slightly higher cooling rate of 3e
and the lower quench temperature of 3f (991 °C). This similarity is carried on to
the slowest cooling rates (Figs. 3i and j). Evidently the textures produced are not
particularly sensitive to the experimental technique. In contrast, the textures
produced do vary with cooling rate.
The effect of cooling rate on texture is evident in the vertical columns in Fig. 3.
The cooling rate is about 60°C/hr in the top row, 6°C/hr in the middle row, and
1 °C/hr in the bottom row. When cooling is performed upon a complete melt, as
for T 0 = 1200°C, the range of crystal shapes and textures is generally similar to
those observed in basalts by previous workers (e.g., Lofgren et al., 1974;
Donaldson et al., 1975; Walker et al., 1976a). The highly acicular and skeletal
crystals in the 60°C/hr runs give way to more prismatic crystals that are less
skeletal at 6°C/hr. At ~1 °C/hr both the pyroxene and plagioclase are generally
more equant, tabular, and less skeletal.
These textures approach porphyritic with increasing cooling rate. The slowest
rates (3i and j) are not porphyritic. However, the faster rates, especially 3a and b,
suggest porphyritic texture if the larger chain and lattice olivines and pyroxenes
may be considered as phenocrysts. The difference between this quasi-porphyritic
texture produced at fast cooling rates and the fasciculate intergrowth of slower
rates is seen in reflected light illumination in Figs. 4d and b.
DISCUSSION OF To

= 1200°C RESULTS

The equilibrium liquidus of Stannern is nearly simultaneously saturated with
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olivine, pyroxene, chrome-spine!, plagioclase (and metal). The information given
above can be used to order these phases into a sequence of increasing ease of
suppression by supercooling. Olivine is difficult to suppress and, in fact, readily
crystallizes mestastably at the expense of pyroxene, which does supercool.
Plagioclase shows the largest amounts of supercooling, while spinel is intermediate between plagioclase and pyroxene. The sequence is olivine < pyroxene <
spinel < plagioclase and the spacing between members of the series increases
with increasing cooling rate.
Since plagioclase and pyroxene are the major constituents of Stannern, the
textures observed should be controlled mainly by the crystallization behavior of
pyroxene and plagioclase. At fast cooling rates, the differential supercooling of
plagioclase below pyroxene leads to an appreciable temperature interval of
pyroxene (and olivine) crystallization before plagioclase. The textures produced
this way, when pyroxene (and olivine) have a head start on plagioclase, are
quasi-porphyritic (see Figs. 3a, 3b and 4d). However, at slower cooling rates,
plagioclase and pyroxene show less temperature separation, so that pyroxene has
no opportunity to grow phenocrysts free of plagioclase interference. Although a
few microphenocrysts larger than the matrix grains may be grown at the slower
cooling rates, the main textural features produced are fasciculate intergrowths of
pyroxene and hollow plagioclase laths (see Figs. 3e,f,i and j). These features are
also prominent in the nearly multiply-saturated Luna 24 composition studied by
Grove (1978). The intergrowths appear to contain crystals which nucleated
heterogeneously on one another initially and grew outward and coarsened away
from the nucleation centers (see Fig. 4b).
Lofgren et al. (1974, 1975) pointed out that the development of porphyritic
texture is the result of the phenocryst phase having an opportunity to crystallize
early without interference from other phases. We have just seen in Stannern that
such textures can result when differential supercooling gives the phenocryst
phase a crystallization advantage (Fig. 4d). At slower cooling rates in Stannern,
the advantage given by differential supercooling disappears, and porphyritic
textures are suppressed because pyroxene and plagioclase coprecipitate. However, at similar slow linear cooling rates, other basaltic compositions have been
observed to grow porphyritic textures, notably the Apollo 15 QNB compositions
studied by Lofgren et al. (1974) and Grove and Bence (1977) and Apollo 12
picrites studied by Donaldson et al. (1975) and Walker et al. (1976a). The fact
that these compositions crystallize in porphyritic textures even at slow cooling
rates is thought to be related to bulk composition rather than differential
supercooling. These other compositions investigated have a wide temperature
separation of major phases during equilibrium crystallization because they
depart markedly from liquidus cosaturation of the major phases. Hence, even in
the absence of differential supercooling at slow cooling rates, the phenocryst
phases still have an initial crystallization advantage. This effect may, of course,
be augmented by differential supercooling. The suppression of porphyritic
textures in Stannern would seem, then, to be a result of its near-multiplysaturated bulk composition.
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In view of these considerations, it may be more reasonable to regard
porphyritic texture as the general result of crystallization of magmatic liquid and
to consider the suppression of porphyritic texture a circumstance encountered in
the special case where the major constituents initially precipitate nearly simultaneously. Furthermore, the cooling rate must be slow enough that porphyritic
textures are not developed by differential supercooling. Evidently this special
case is frequently encountered in nature if the abundance of non-porphyritic
lavas is any guide. This frequency is a reflection of the abundance of lavas which
have compositions near those of multiply saturated liquids.
VARIATION OF

To

The choice of 1200°C as an initial temperature, T 0 , for melting the charges is
arbitrary and was made for experimental reasons rather than from a conviction
that eucritic basalts began their cooling history at this temperature. Indeed, if the
deductions of Stolper (1977) are correct, the eucrite cooling histories probably
began at eruption temperatures of 1160-1170°C, near the liquidus, rather than
from a superheated state. It has been shown by Lofgren (1977) and Bianco and
Taylor (1977) that textures produced experimentally may vary as a function of
initial melting temperature, especially in the range where the initial melting
temperature does not exceed the liquidus. Therefore we have investigated the
textures produced in Stannern as a function of initial melting temperature as well
as cooling rate.
T0

= 125D°C

The effect of a large amount of superheat on the crystallization textures of
Stannern was explored with a series of runs in Fe capsules at different cooling
rates starting from a melting temperature of 1250°C. The results were nonsystematic. At cooling rates near 60°C/hr, the textures were quasi-porphyritic as
they were at T 0 = 1200°C. However, a wide variety of grain sizes was produced
Fig. 4. Textural range observed experimentally. A, B, C all at ~6°C/hr; D at
~60°C/hr. All to same scale (bar-100 µ); reflected light illumination. Numbers in
lower left are approximate T 0 and °C/hour. A. Porphyritic texture sometimes produced
at high initial superheat. Groundmass is microcrystalline. (ST-62; T 0 = 1249°C; melted
for 21 hours; cooled at 6.1 °C/hr; quenched 812°C; Fe capsule.) B. Fasciculate texture
produced from liquids initially free of plagioclase with less than 50°C of superheat.
Pyroxene and plagioclase seem to nucleate on each other. (ST-21; T 0 = 1200°C; melted
for 10 hours; cooled at 6.5°C/hr; quenched at 1045°C to capture early texture; Fe
capsule.) C. Intergranular to subophitic texture produced when plagioclase crystallites
are present at the start of cooling. (ST-71; T 0 = 1148°C; melted for 23 hours; cooled at
6.1 °C/hr; quenched at 890°C; Fe capsule.) D. Quasi-porphyritic texture encountered
when cooling rate is increased. Differential supercooling of plagioclase gives pyroxene a
growth advantage. Note larger size of plagioclase near chain-crystal pyroxene phenocrysts. (ST-27; T 0 = l 198°C; melted for 15 hours; cooled at 69.3°C/hr; quenched at
900°C; Fe capsule.)
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ST ANNE RN TEXTURES

Fig. 5. Representative textures observed in clasts from eucrite Stannern. Note very
coarse fascicle in B.

at this cooling rate in contrast to T 0 = 1200°C where grain size was reproducible. In some charges run at intermediate cooling rates, strikingly porphyritic
texture resulted (Fig. 4a) in pyroxene and olivine crystals forming large,
euhedral, equant phenocrysts. The plagioclase in these samples formed a
sub-micron intergrowth with groundmass pyroxene. However, in other samples at
the same cooling rate, fasciculate texture was observed, and at very slow cooling
rates, fasciculate texture was again encountered.
In general, grain size at T 0 = 1250°C did not correlate well with cooling rate,
nor did the progression of textural types. Furthermore, experiments run at the
same cooling rate sometimes produced widely different textures. The differences
were not obviously related to melting time or other experimentally controlled
parameters. A possible interpretation of these results may be that nucleation is
being controlled by submicroscopic impurities or polymerized melt units which
are progressively destroyed or dissolved with increasing superheat. If the destruction is very close to complete at T 0 = 1250°C, then small perturbations in the
completeness of purging may introduce the erratic behavior observed.
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< 1200 ° C (between plagi,oclase and pyroxene + spine! entry)

We performed a series of experiments in which the starting temperature for
the runs was lower than the temperature of pyroxene and spinel entry, but higher
than that of plagioclase entry. For Fe capsules, this was 1155-1170°C; 1165°C
for Pt loops. One difference between runs starting at this temperature and runs
starting at 1200°C was the absence of olivine. The presence of pyroxene at the
start of cooling precludes differential supercooling of pyroxene to expose the
metastable olivine liquidus.
The variations between Fe capsule and Pt loop experiments are small. The
third column in Fig. 3 (c,g,k) shows textures as a function of cooling rate for this
T 0 . The textures produced resemble those from T 0 = 1200°C, in that they are
variations on the fasciculate texture. However, the fasciculate pyroxeneplagioclase intergrowths are not as well developed as at TO = 1200°C. Furthermore, the quasi-porphyritic textures developed at T 0 = 1200°C at 60°C/hr are
not present and the range of pyroxene size is smaller at the faster cooling rates
than at T 0 = 1200°C. This suppression of quasi-porphyritic texture and limitation of pyroxene size variation is thought to be another side-effect of the presence
of pyroxene crystallites at the start of cooling. If they are disseminated
throughout the charge, the size to which any individual can grow is limited by the
spacing between neighbors. Plagioclase size at the fast cooling rate (3c) is larger
than for T 0 = 1200°C (3b), but is similar to plagioclase from T 0 = 1200°C for
slow cooling rates (3k vs. 3i,j).

TO

< 1200 ° C (below plagioclase entry)

Another series of runs was made with starting temperature less than the
temperature of feldspar entry: that is, 1145-1150°C with Fe capsules, and
1155°C and 1140°C with Pt loops. The samples were never heated above the
starting temperature, and therefore pyroxene, plagioclase, and spinel crystallites
were present at the start of cooling. The most striking result of starting at this
temperature is a complete suppression of the fasciculate textures, which were
encountered under previous conditions. The texture of these runs is more properly
described as intergranular to subophitic. We, therefore, have the result that
cooling of a liquid containing both pyroxene and feldspar crystallites completely
suppresses both porphyritic and fasciculate textures. The profound qualitative
differences in texture resulting from starting the cooling cycle below the
temperature of plagioclase entry, rather than above, may be appreciated more
fully in reflected light by comparing Figs. 4b and 4c. The same results occur in
Fe capsules and Pt loops.
The suppression of fasciculate texture may be understood if we consider
heterogeneous nucleation of plagioclase on radiate pyroxene clusters to be the
origin of fascicles. When pyroxene is present at the start of cooling, plagioclase
still avails itself of pyroxene as a heterogeneous nucleation site and fascicles
form. However, when plagioclase is also present at the start of cooling, pyroxene
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is no longer required as a heterogeneous nucleation site and fascicles do not
form.
The fourth column of Fig. 3 shows textures produced for T O below plagioclase
entry as a function of cooling rate. The size dependence of plagioclase on cooling
rate is less than in the other columns. The average size seems to increase little
with decreasing cooling rate. This may be explained by the presence of a large
number of plagioclase crystallites at the start of cooling, which limits the size to
which any one of them may grow. Under such conditions where nucleation has
been saturated by pre-existing crystallites and is not controlled by cooling rate,
the dependence of plagioclase size on cooling rate is reduced.
Further decrease of T O produces charges with finer grain size. Experiments
were performed in Pt loops with T 0 = 1140°C. The textures resemble those of
the fourth column of Fig. 3 on a reduced scale. (See also Fig. 4c). Both
plagioclase and pyroxene are somewhat finer grained than for T 0 just below
plagioclase entry. There is also less apparent variation of the texture with cooling
rate. It is anticipated that the limiting result of progressively decreasing TO is to
suppress all textural variations other than those introduced by the efficiency of
grinding the crystalline starting material. At the lowest T 0 's, one merely recovers
the starting material.
SUMMARY OF EXPERIMENTAL RESULTS

The results of this study are complex and difficult to synthesize, especially in
the study of textures produced with large initial superheating (To = 1250°C)
which proved to be non-systematic and unreproducible. However, we offer the
following general observations for the other experiments. Decreasing T 0
decreases textural differences observed as a function of cooling rate- at any
particular T 0. This is to say, the elements of the fourth column of Fig. 3 are more
nearly alike than the elements of any other column. The converse of this
observation is also true: decreasing cooling rate decreases textural variations
observed as a function of T 0 at any particular cooling rate. This is to say that the
elements of the third row of Fig. 3 are more nearly alike than the elements of any
other row. These observations, although symmetric in statement, are thought to
derive from rather different physical principles. The degeneracy of textural
variation with decreasing T 0 is another manifestation of the observations made
by Usselman and Lofgren (1976), Bianco and Taylor (1977), Lofgren (1977),
Lofgren et al. (1978) and Nabelek et al. (1978) that crystal morphology as a
function of cooling rate is strongly affected by the presence of crystals at the start
of cooling. What we have done by decreasing T 0 is to successively add phases
initially present at the start of cooling. When the phases are not initially present,
their supercooling behavior as a function of cooling rate controls the texture.
However, when the phases are initially present, their initial distribution exerts a
more powerful influence on the texture than the cooling rate. Since all the major
phases are initially present at the lowest T O studied, there is accordingly less
opportunity for cooling rate to control texture. On the other hand, the degeneracy
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of textural variation with decreasing cooling rate is thought to be a reflection of
the greater time available during slow cooling for approaching an equilibrium
texture. Given an infinitely slow cooling rate, we should get the same texture no
matter what the starting conditions. Although an equilibrium texture is clearly
not reached in our laboratory time scales, this effect would tend to increase the
similarity of elements in row 3 of Fig. 3.
Another useful generalization is that, although textures vary with cooling rate
and T 0 , they do not show significant variation according to whether Fe capsules
or Pt loops are used as experimental containers. This means that the features
observed are more likely to be directly applicable to the interpretation of eucrite
textures than would be the case if there were much variation with experimental
technique.
The qualitative type of texture observed seems to depend more strongly on T 0 ,
whereas the coarseness of the texture seems to depend more strongly on cooling
rate. Increasing T O produces textures from intergranular /subophitic to fasciculate/porphyritic. At T 0 = 1200°C the transition to quasi-porphyritic is
controlled by cooling rate, but the emergence of phenocrysts is only an overprint
on the fasciculate "background" texture of the groundmass, where present. The
suppression of quasi-porphyritic texture is completed by decrease of T O below
pyroxene entry and the suppression of fasciculate texture is completed with
decrease of T 0 below the plagioclase entry. These qualitative changes in textural
type do not seem to be encountered by changes of cooling rate.
EUCRITE COOLING RATES

Many features of mineral chemistry and rock textures are known to vary as a
function of the cooling rate during crystallization. The relation between specific
observable features of a charge and the cooling rate imposed during experimental
crystallization may be used to deduce the cooling rate of rocks of similar
compositions which crystallized under similar physical conditions. The most
useful cooling rate indices will be those which show a strong variation with
cooling rate but do not show a strong variation with experimental technique
(container, f02 , T 0 , etc.) at any cooling rate.
The nucleation density of phenocryst phases has been used as a cooling rate
index for lunar basalts by Walker et al. (1976a) and Grove and Walker (1977).
Besides the disadvantage that the observations are tiresome to make, there
remain unresolved questions (Donaldson et al., 1975) about the dependence of
phenocryst nucleation density on experimental technique, although the work of
Bianco and Taylor ( 1977) suggests that changes in sample containment procedure produce only minor variations in the results. However, in the present
application, the variation of nucleation density of phenocrysts is of limited
usefulness in the interpretation of nonporphyritic textures.
The composition of early-formed solid solutions may show variation with
cooling rate. There is some debate about whether minerals such as olivine or
pyroxene show variation in their major element chemistry as a function of cooling

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System

1978LPSC....9.1369W

1386

D.

WALKER

et al.

rate (Donaldson et al., 1975; Walker et al., 1976a,b; Grove and Bence, 1977).
Figure 6 shows the compositions of early-formed pigeonites grown from Stannern
(T0 = 1200°C) at rates from 1-70°C/hr in Fe capsules. The proportions of the
quadrilateral components do not show a detectable variation from rate to rate,
although there is zonal variation within crystals at each cooling rate. Specifically,
the more rapidly cooled pigeonites are not more fs-rich. However, the Al content
of pigeonite steadily increases with increasing cooling rate for pigeonites of the
same major element proportions. This dichotomy between major and minor
element incorporation patterns was also found for Apollo 15 pigeonite porphyries
by Grove and Bence (1977). The increase of aluminum with cooling rate is
probably not related to the delay in plagioclase entry. Retardation of plagioclase
entry leads to greater concentrations of Al in residual liquids growing pigeonite.
Such Al-enriched liquids, not buffered by plagioclase precipitation, could precipitate increasingly more Al-rich pigeonite, thereby increasing the upper limit of Al
content at higher cooling rate. However, the lower limit of the Al content at each
cooling rate is also observed to increase with cooling rate. If the Al increase were
simply due to the suppression of plagioclase crystallization, one might expect Al
contents to begin increasing from the same low level. Rather, it is thought that
the increased incorporation of Al is a result of the increased difficulty of rejecting
impurities by diffusion from the growing crystal face at faster cooling rates. The
chain-crystal and dendritic morphologies produced at high cooling rate also
suggest that constitutional supercooling effects, introduced by impurity rejection
problems, are operating.
Whatever the merits of these arguments, Al content of pigeonite empirically
correlates with cooling rate and may be used to infer a rock's cooling rate to the
extent that Al has not reequilibrated during later subsolidus annealing. Since

AL/ 6 Ox
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PIGEONITE
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Fig. 6. Experimental pigeonite compositions grown in Fe capsules. Major element
proportions indistinguishable as a function of cooling rate; however, Al content
increases with increasing cooling rate. (T 0 = 1200°C.)
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some range of Al contents may be shown by early-formed pigeonites grown at
any particular rate, the estimates of cooling rate may be imprecise.
To return to textural indices, grain size has long been known to correlate with
cooling rate. (Grain size is a useful concept in non-porphyritic rocks even though
phenocryst nucleation density is not. Moreover, grain size is simply related to the
reciprocal of nucleation density if the grains considered fill space, as phenocrysts
do not.) Of the various crystal sizes which could be measured, plagioclase is
perhaps the easiest, and attempts to use plagioclase size as a quantitative cooling
rate index go back at least as far as Queneau (1902) and Lane (1903). Recently,
Walker et al. (1976b) have calibrated plagioclase size vs. cooling rate for Apollo
12 picrites and Grove and Walker (1977) calibrated Apollo 15 QNB. The present
study shows that there is also a systematic relation between the size of eucrite
plagioclase and the cooling rate at which it grew. This is seen in Fig. 7.
The plagioclase size measured in constructing Fig. 7 is intended to be the
minimum dimension of the largest crystal present. In practice one takes an
average of the minimum dimension of the half-dozen or dozen largest laths with
nearly rectangular outline seen in reflected light. This measure is not intended to
be an index of average or mean grain size. It is far from a mean or average grain
size in the case of fast cooling rates where most of the plagioclase is present as
microcrystalline intergrowths with pyroxene (e.g., Fig. 4d). The plagioclase
measured is the larger early-formed fasicular material heterogeneously nucleated
on early-formed pyroxene. Plagioclase size, measured in this way, can be
determined rapidly and gives reproducible results which show a systematic
variation with cooling rate.
Figure 7a shows plagioclase size vs. cooling rate for experiments done in Fe
capsules starting from T 0 of 1200°C. The log-log size--cooling rate dependence
is linear with very little scatter. Plagioclase size increases with decreasing cooling
rate. The slope and intercept of this line are quite similar to those of Grove and
Walker (1977). Although we do not claim that one such line applies to all
basalts, the agreement between these two compositions is certainly interesting
and merits further investigation into the generality of plagioclase size vs. cooling
rate relationships.
The variation of plagioclase size for T 0 = 1250°C is shown in Fig. 7b. In
contrast to 7a, the data show a large scatter and little systematic behavior other
than that the plagioclases are smaller at any particular cooling rate for melts
cooled from this greatly superheated condition than they were for T 0 = 1200°C.
The size may vary widely from run to run. This scatter is another reflection of the
lack of reproducibility of textures observed at T 0 = 1250°C, as noted above. A
possible explanation may be that intense superheat destroys residual melt
structure or submicroscopic heterogeneous nucleii. In this case, 1250°C may be
close to the threshold at which the purging is complete and the variability in size
may be a result of vacillations on the threshold of complete purging. In any event,
these results probably have little geological relevance, since these textures are not
seen among the clasts in Stannern, and such large amounts of initial superheat
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are particularly implausible in the framework for eucrite orig,ns outlined by
Stolper (1977).
The variation of plagioclase size for T 0 = 1150-1145°C for Fe capsule
experiments is shown in Fig. 7c. At these initial temperatures, plagioclase,
pyroxene and spinel are all present when cooling begins. The scatter of data at
any particular cooling rate is small and furthermore there is surprisingly little
variation of plagioclase size as a function of cooling rate. Evidently the size to
which plagioclase can grow is controlled by the distribution of unmelted
plagioclase crystallites throughout the charge. Low nucleation rates (relative to
growth rates at slow cooling rates) do not occur, since abundant nuclei are
already present. Consequently, crystal size is limited by competition among the
abundant initial crystallites. If we are to use the textures seen in Stannern clasts
as a guide, neither the T 0 of 7b or 7c is relevant to the crystallization found in
nature.
Instead, we should explore the crystallization of liquids which are mildly
superheated at most above plagioclase entry. Figure 7d shows the variation of
plagioclase size for the crystallization of starting materials initially heated
5-35°C above plagioclase entry. Pyroxene and spinel are generally present at the
start of cooling. The reference line for T 0 = 1200°C in Fe capsules is also shown.
Again, there is a systematic dependence of size on cooling rate with little scatter.
The plagioclase grown from mildly superheated liquids is systematically larger
than for T 0 of 1200°C. Furthermore, there is a suggestion that the curves merge
at slow cooling rates-a plausible result if one expects the liquids to reach the
same "relaxed" state of internal structure from different starting conditions
during the longer adjustment time available at slow cooling rates. A very
important feature of the variation shown in Fig. 7d (and 7c) is that the points
from experiments in Fe capsules and Pt loops show no discernable difference.
This indicates that variation of plagioclase size with cooling rate is insensitive to
Fig. 7. Plagioclase size versus cooling rate. A. Relation for T 0 = 1200°C experiments
which start 50°C above plagioclase entry. The line through the data is reproduced in B,
C, and D below for reference. B. Increasing superheating (T0 = 1250°C) reduces
plagioclase size, sometimes drastically, from A. Results do not show systematic or
reproducible behavior. Some charges had plagioclases too small to measure accurately,
as indicated by the arrows. C. Experiments start cooling from 5°C or more below
plagioclase entry. Plagioclase is present in the starting material. The dependence of
plagioclase size on cooling rate is greatly suppressed. Size to which plagioclase grows is
limited by initial distribution of unmelted plagioclase crystallites rather than by the
cooling-rate-dependent interaction of nucleation and growth rates. Filled symbols are
for Fe capsules. Open symbols are for Pt loops (square T 0 = 1155, triangle T 0 = 1140).
D. Experiments started from 5-35°C above plagioclase entry again show correlation of
plagioclase size with cooling rate. Plagioclase is larger than that grown in experiments
started from higher above plagioclase entry. Note congruence of experiments performed
1155°C, diamond T 0 = 1173°C) and Pt
in Fe capsules (filled symbols: square T 0
loops (open symbols: square T 0 = 1165°C, circle T 0 = 1200°C). Plagioclase size is not
average or mean, but maximum size (see text). Igneous textured clasts in Stannern have
plagioclase sizes (.3-.008 mm) indicating cooling rates from 0.1-100°C/hr.
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experimental technique. This is fortunate because it means that rock cooling
rates can be deduced directly from such a curve with some confidence that the
variation is not an experimental aberration.
COMPARISONS WITH STANNERN

The Stannern eucrite meteorite contains numerous clasts with igneous
textures. A few of these are reproduced in Fig. 5. Many of the textures observed
are variants in grain size of the fasciculate texture grown experimentally,
although some examples are coarser than any we grew experimentally. The lack
of prominent development of the intergranular /subophitic texture implies that
the clasts cooled from a liquid state. The absence of olivine in these clasts, even
the fine-grained, rapidly cooled varieties, probably indicates that this liquid
started with very little superheat.
The curve of Fig. 7d is measured on experimental fasciculate intergrowths of
plagioclase and pyroxene such as are seen in clasts in Stannern. Curves produced
at higher and lower T O are from textures not observed in the clasts. We may then
use Fig. 7d to infer the range of cooling rates recorded by Stannern clasts. The
size of plagioclase crystals present in various clasts (0.008--0.3 mm) record rates
from about 100 - 0.1 °C/hr. However, this range of observed grain size and
implied cooling rates does not require derivation of the various clasts from widely
separated sites. Using the calculation procedure illustrated by Walker et al.
(1976b) which couples heat loss, cooling rate, and physical location, it can be
shown that the whole range of clast types could be produced within three meters
of the chill margin of a small magma body.
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