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Supercooling and the crystallization of plagioclase 
from a basaltic magma 

F E R G U S  G. F. GIBB ~ 
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SUMMARY. The liquidus temperature 0198 ~ and equilibrium phase relations of a sample of 
Columbia River basalt from the Picture Gorge section have been determined at I atmosphere by 
heating in a controlled atmosphere. When this basalt is cooled from above its liquidus temperature 
the liquidus phase (plagioclase) may fail to crystallize depending on the degree of undercooling and 
the duration of the experiment. A field in temperature-time space in which plagioclase fails to crystal- 
lize on cooling is separated from another in which plagioclase always crystallizes by a third in which 
the nucleation of plagioclase is unpredictable in terms of temperature and time. The extent to which 
this basaltic liquid can be supercooled without the crystallization of plagioclase is independent of the 
time it is held above the liquidus or the temperature in excess of the liquidus to which it is heated. 

The exceptionally long times required to ensure the nucleation of plagioclase at or near the liquidus 
temperature suggest that many so-called 'equilibrium' phase relations determined from experiments 
of a few hours' duration could be in serious error if the 'equilibration' involves a nucleation process. 

It is demonstrated that, over a range of cooling rates, the temperature at which plagioclase begins to 
crystallize on cooling varies markedly and the temperature and times required for both possible and 
certain nucleation of plagioclase are calculated for a range of constant cooling rates. The range of 
cooling rates over which the nucleation temperature of plagioclase varies is likely to occur in nature 
only in certain lava flows and small minor intrusions. In such cases this could lead to changes in the 
order in which the minerals appear on cooling and other petrologically significant effects. 

MANY silicate l iquids can be cooled be low their  equi l ibr ium l iquidus t empera tu re  
wi thout  crysta l l izat ion o f  the l iquidus phase.  This tendency to supercool  is general ly  
recognized (Schairer,  ~959) and necessitates some caut ion  in in terpre t ing  c rys t a l -  
l iquid rela t ions in exper imenta l  charges tha t  have been above  the in tended equi l ibra-  
t ion t empera tu re  at  any  t ime before or  dur ing the experiments .  

Whe the r  or  no t  a silicate l iquid can be supercooled  be low its l iquidus  t empera tu re  
seems to depend  largely on the compos i t ion  o f  the l iquid and  the na ture  o f  the l iquidus  
phase.  F o r  example,  in systems where forsteri t ic  olivine is the l iquidus  phase  there are  
no recorded  instances o f  supercool ing:  on  the  cont rary ,  olivine appears  to crystal l ize 
very readi ly  as soon as its sa tu ra t ion  level is reached,  as evidenced by  the difficulties 
encountered  in quenching Mg-r ich  l iquids (Yoder ,  I952;  Kush i ro  and  Yoder ,  ~969; 
Green,  I973). On  the other  hand,  there  are several examples  of  silicate melts  fai l ing to 
crystal l ize pyroxene  or  fe ldspar  be low the t empera tu re  at  which the solid phase  is in 
equi l ibr ium wi th  the l iquid.  I n  s tudying the mel t ing rela t ions o f  some calc-alkal ine 
volcanic  rocks  Brown and  Schairer  (1968) comple te ly  mel ted  their  samples at  I3oo ~ 
in order  to e l iminate  ' res idual  grains '  o f  plagioclase  tha t  persis ted above  12o0 ~ and,  
having done  so, found  tha t  the l iquids would  no t  nucleate  crystals  as low as 9oo ~ 
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even after  7 days.  Dur ing  an invest igat ion o f  inclusions o f  silicate l iquid t r apped  in 
olivine crystals  f rom some A p o l l o  I I lavas, Roe dde r  and  Weib len  0 9 7 o )  observed 
tha t  after  comple te ly  mel t ing inclusions,  which had  ini t ial ly conta ined  plagioclase  and  
pyroxene  crystals  as well as glass, hold ing  them in ' app rop r i a t e  t empera tu re  ranges '  
for  m a n y  hours  failed to re-nucleate  crystals.  

Supercool ing  and the non-nuc lea t ion  o f  crystals  is no t  restr ic ted to the l iquidus  
phase  bu t  can also occur  when the mel t  becomes sa tura ted  with the second or  sub- 
sequent  phases.  Supercool ing  o f  this la t ter  type  has  recently been invoked  by  Biggar 
et al. 0 9 7 i )  to  account  for discrepancies between the values r epor ted  by  different 
invest igators  for  the t empera tu re  at  which plagioclase begins to crystal l ize f rom cer- 
ta in  lunar  basalts .  In  suppor t  o f  their  a rgument  they cite a number  o f  exper iments  on  
Apo l lo  I2 basal ts ,  which demons t ra te  tha t  af ter  heat ing the samples  above  the tem- 
pera ture  at  which plagioclase  was p resumed to be in equi l ibr ium with the l iquid they  
could  be cooled be low this t e m p e r a t u r e - - i n  some cases by  more  than  50 ~  
prec ip i ta t ing  plagioclase.  

Despi te  the evidence tha t  bas ic  silicate l iquids can supercool ,  there appears  to have  
been no detai led s tudy o f  the p h e n o m e n o n  in a pet rological  context  and  the present  
invest igat ion is an  a t t empt  to evaluate  whether  or  no t  this p h e n o m e n o n  might  be 
significant in the crysta l l izat ion o f  igneous rocks.  

TABLE I. Analyses of  basalt FG lOlO 4 and basalt/olivine mixture FG IOlo4-OL 

Wt ~o FG IoIo4 FG IOIO4-OL Wt % FG IoIo4 FG IoIo4-OL 

SiOs 48"74 47"84 CaO Io'66 9"65 
TiOs I "68 I "52 NasO 2-60 2"34 
AlsOa I5"oo I3'56 KsO o'42 o'38 
FesOs 3"o9 2-81 P205 0.26 o.23 
FeO 8.4o 8" 87 H~O + COs i. 33 I '2o 
MnO 0.24 0.23 
MgO 7"58 11.33 Total IOO.OO* 99"96 

* The total of FG 10104 is normalized to too % (see text). 

Heating experiments 
A specimen of Columbia River basalt (FG IOLO4) from flow 14 of the Picture Gorge section 

(Waters, 196I) was studied, as it has plagioclase as its liquidus phase. An analysis of this material is 
given (Table I) in which FeO and Fe2Os were determined chemically and the total HzO+COs by 
ignition loss at Iooo ~ The remaining values were determined by X-ray fluorescence analysis and 
normalized to 1oo %--(FeO+Fe~Os+HsO+COs). 

All experiments were made at I atmosphere on finely crushed rock in containers of Ag~0Pd60 
alloy. The furnace atmosphere was a mixture of COs and Hs in the proportions necessary to give an 
oxygen fugacity (lOs) of xo -6"4 atmospheres at I2OO ~ thisfO~ being specifically selected as it is the 
magmatic oxygen fugacity determined experimentally for a similar sample of Picture Gorge basalt 
(Fudali, 1965). During all experiments in the temperature range I Ioo-I275 ~ the CO2:H2 ratio was 
kept constant, as this gives a better approximation to natural magmatic conditions on cooling than 
maintaining a constantfO2 (Hamilton and Anderson, 1967). 

Two different sample-thermocouple configurations were employed in the experiments; one using a 
single thermocouple (fig. IA) and the other using three thermocouples (fig. IB). At 12oo ~ vertical 
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temperature gradients in the furnace hot spot were less than t ~ over z cm but radial gradients of up 
to 4 ~ were measured over a distance of x cm. Consequently, temperatures recorded using the three 
thermocouple configurations are believed to be 
in error by less than I ~ whereas those from 
single thermocouple experiments may be in 
error by up to 4 ~ Single and triple thermo- 
couple experiments are represented by circular 
and square symbols respectively in the figures. 

In the experiments referred to as 'heating 
experiments' samples were raised to within 
3o ~ of run temperature and held for I5 to 
2o hours to permit equilibration with the fur- 
nace atmosphere (Fudali, I965). The samples 
were then raised to run temperature, taking 
great care to avoid any overshoot; held within 
I ~ of this temperature for a predetermined 
time and then quenched. Fragments from the 
top, middle, and bottom parts of each of the 
quenched charges were examined optically to 

�9 - SAMPLE  o r  GROUP o f  SAMPLES 

X - P t /P t  13%Rh  THERMOCOUPLE 

A B 

FIG. I. Schematic cross-sections of the furnace tube 
illustrating the sample-thermocouple configurations 

used in the experiments. 

determine whether or not plagioclase crystals were present in the glass. 

The results of these heating experiments on basalt FG IoIo4 are shown in fig. 2, 
in which one axis represents the time the sample was at run temperature. It is apparent 
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FIGS 2 and 3: FIG. 2 (left). Results of 'heating' experiments on basalt FG IOIO 4 (see text). Solid 
symbols = glassd-plagioclase; open symbols = glass only. FIG. 3 (right). Results of 'cooling' experi- 

ments on basalt FG I0[04 (see text). Symbols as in fig. 2. 

from fig. 2 that, with one exception, experiments below I I98 (4-I)  ~ contain plagio- 
clase whereas those above this temperature do not. The exception is a 27-hour run at 
I I95 ~ in which no plagioclase was observed but this could be an anomaly due either 
to a near maximum error in the temperature measurement or to the failure to observe 
a few small plagioclase fragments in the charge. It is also notable that the division 
between plagioclase-bearing experiments and those resulting in complete melting 
(shown by the dashed line in fig. 2) is horizontal, i.e. the duration of the experiment 
is immaterial. Indeed, it is significant that while experiments of less than one hour's 
duration above I I98 ~ produce complete melting, those longer than a day only a few 
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degrees lower fail to eliminate plagioclase crystals. Some of the very shortest runs 
above II98 ~ actually contain clusters of very small rounded grains of  olivine (or 
possibly pyroxene) but it is presumed that these are metastable relics due to the re- 
fractory nature of magnesian olivine (and pyroxene) and that plagioclase, which is the 
last phase to melt in longer experiments, is the true liquidus phase. 

Cooling experiments 
The techniques employed in the 'cooling' experiments were identical to those used 

in the heating experiments except that the initial equilibration with the furnace atmo- 
sphere was at a temperature between 1 I99 and I2Io ~ i.e. under conditions where the 
sample was entirely liquid. The sample was then cooled as rapidly as possible to the 
temperature of the experiment taking care to avoid undershoot and held within 
1.5 ~ of this temperature for a predetermined time before quenching into cold water. 

The results of  a series of  cooling experiments on basalt F G  mlO4 are shown in 
fig. 3 in which the dashed line of fig. 2 is shown as a solid line. In experiments above 
the upper dashed line the quenched charges were found to consist entirely of glass, 
whereas those below the lower dashed line invariably contained small lath-shaped, 
usually twinned crystals of plagioclase. In experiments falling between the two dashed 
lines in fig. 3 the quenched charges sometimes contained well-formed crystals o f  
plagioclase and sometimes were entirely glass. 

Interpretation 
Below the solid line two dashed lines in fig. 3 define three temperature-time fields. 

In the uppermost field plagioclase crystals coexisting with liquid will not melt and yet: 
a liquid of the same bulk composition will not precipitate plagioclase. In the field 
between the two dashed lines plagioclase may or may not crystallize from the liquid 
on cooling. Since the lower boundaries of both fields are obviously time-dependent 
the only possible candidate for an equilibrium boundary is the solid line in fig. 3. 
This must be either the true liquidus temperature of FG I oIo4 or a temperature higher 
than the liquidus because superheating is necessary to melt the plagioclase. If  it is 
merely that feldspar is difficult to melt it should be possible to effect complete melting 
at lower temperatures in long experiments than in very short ones. There is no 
evidence of this with plagioclase (although in some very short experiments olivine 
fails to melt completely). Also, it is noteworthy that in many of the heating experiments 
of more than 20 hours' duration below I I98 ~ the plagioclase crystals have a lath- 
shaped habit and are decidedly larger than the angular feldspar fragments in the 
starting material. The implication is that at temperatures just below I I98 ~ plagio- 
clase crystals have grown in the melt and are therefore unlikely to be relics or a 
metastable phase. It appears likely, therefore, that II98 (4-1) ~ is the true liquidus 
temperature of basalt FG IoIo 4 at t he fo  2 of the experiments. 

The absence of plagioclase in experiments where it is a stable phase could be due to  
failure of the plagioclase nucleii to form in the liquid or it could be that nucleii do 
form, but crystal growth is so slow that crystals do not reach observable size in times o f  
the order used in the experiments. 
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Nucleation of crystals in silicate melts is a complex and little-understood process 
although recent research into the production of glass ceramics has stimulated interest 
in the related problems of nucleation in quenched glasses (Rogers, ~97o). It is well 
known (Rogers, I97o; De Vekey and Majumdar, ~97o) that the number of nucleii 
formed during heat treatment of glasses increases with time and it appears likely that 
this should also be true of nucleation from silicate melts. 

It has been demonstrated (Bottinga et al., I966) that diffusion, probably of Si or A1, 
in the liquid adjacent to a plagioclase crystal is the rate-determining factor in the 
growth of the crystal. While an imbalance between growth and diffusion rates might 
account for zoning phenomena such as those described by Bottinga et al. (~966), it is 
difficult to see how the liquid adjacent to a plagioclase embryo could be so depleted 
in one or more of the essential elements as to prevent growth when no significant 
growth had already occurred to deplete the liquid. Low diffusion rates could result 
eventually in slow or inhibited growth but should not play a significant part in the 
initial growth of the crystal. If  diffusion, or the lack of it, is to be invoked to account 
for the absence of plagioclase crystals in the experiments described above, this 'initial' 
stage of growth would have to terminate before the crystals became readily observable" 
this seems unlikely. Furthermore, it has been observed that during some of the heating 
experiments in the 'supercooled' region many of the smaller angular plagioclase frag- 
ments present in the starting material grew into larger lath-shaped crystals, thus 
suggesting an absence of diffusion-controlled impedance to the growth of reasonably 
large crystals under the conditions of the experiments. The above arguments, together 
with the fact that diffusion cannot account for the irregular crystallization behaviour 
of plagioclase in the field between the two dashed lines (fig. 3) render it unlikely that 
diffusion and growth rate are responsible for the absence of plagioclase in experiments 
below liquidus temperature. Consequently, the explanation favoured is nucleation 
failure, i.e. supercooling (sensu stricto). 

It is evident from the results of the experiments (fig. 3) that the principal factors 
controlling plagioclase crystallization are time and the degree of supercooling. How- 
ever, the existence of a time-temperature field in which plagioclase may or may not 
crystallize implies the operation of at least one other factor. 

Mechanical effects. It is known that effects such as agitation or vibration can induce 
supercooled liquids to crystallize due to the mechanical motion facilitating the re- 
arrangement of the atoms necessary to produce an embryo. The possibility that 
vibration may be important in influencing plagioclase crystallization in experiments 
between the two dashed lines in fig. 3 has not been investigated due to the difficulties 
of obtaining a vibration-free environment in a busy laboratory, but it may be more 
than a coincidence that during a period in which construction work was being carried 
out in the laboratory (resulting in considerable vibration) a markedly higher propor- 
tion of the experiments in this field crystallized feldspar. 

Wall effects. Optical examination of charges that contained only small amounts 
of plagioclase revealed a tendency for the crystals to be more abundant near the 
walls of the container thus suggesting that the surface of the alloy presents a source of 
nucleii on which plagioclase growth might occur. Consequently the smoothness of the 
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container walls might affect the appearance or non-appearance of crystals although all 
the container walls seemed equally smooth and were thoroughly cleaned prior to use. 

Time above liquidus. As the last feldspar crystals melt at the liquidus their structure 
must change from that of plagioclase to that of the liquid. However, because of the 
relatively high viscosity, it is possible that this change is not instantaneous and relics 
of the plagioclase structure persist in the liquid for some time after complete melting is 
achieved. If  this is so, subsequent crystallization could be strongly influenced by the 
extent to which these relic structures have persisted. The longer the sample is above 
the liquidus temperature the more likely the relic structures are to be destroyed and 
the less likely plagioclase is to crystallize on subsequently cooling. In most of the 
cooling experiments the samples were held above the liquidus for between I5 and 
25 hours but no obvious relationship between this interval and the crystallization of  
plagioclase has been detected. An additional set of experiments in which the time 
above the liquidus was varied from I to 48 hours gave the same result. 

Cooling rate. It is possible to supercool a silicate melt so far and so quickly that, 
while technically it is still a liquid, its viscosity and the ensuing kinetic problems be- 
come so great that nucleation is inhibited. Although this is a possible explanation for 
exceptionally large degrees of supercooling it is not applicable to the relatively small 
amounts of undercooling observed in the present experiments and this is borne out by 
the apparent ease with which plagioclase crystallizes below the lower dashed line 
(fig. 3)- The cooling rate may control the crystallization of plagioclase in some other 
way although it is difficult to envisage the precise mechanism that could give rise to 
such an effect, and in any case the total variation in the cooling rates is small as all 
experiments were lowered to run temperature as quickly as possible. 

In most of the cooling experiments the individual samples were quenched after dif- 
ferent periods at the run temperature but in a few cases two or more samples were 
quenched at the same time or very close together. Two particularly important instances 
of this were the experiment in which two samples were quenched together after 2"3 
hours at 1 I68 ~ and that in which another two were quenched after 2 3 hours at 
(coincidentally) II68 ~ In both these experiments one of the samples contained 
plagioclase whereas the other did not. Since in each experiment both samples were held 
for the same time above the liquidus and were subjected to the same cooling rates and 
approximately the same amount of mechanical disturbance, none of these factors can 
be responsible for the sporadic nature of plagioclase crystallization in the field of un- 
predictability. As variations in the smoothness of the container walls are an unlikely 
explanation, the factor or factors influencing the nucleation of plagioclase in this 
field remain uncertain but at least some of the more obvious possibilities have been 
discounted. 

Effect of excessive heating 

As suggested above, relics of plagioclase structure might persist in the liquid after 
melting and influence the nucleation of plagioclase on subsequent cooling. The further 
above its liquidus temperature a sample is heated the more likely these relic structures 
are to be destroyed. There is evidence supporting both the contention that the structure 
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of the liquid exerts some control over crystallization and the possibility that the struc- 
ture of a silicate liquid varies with the amount of heating in excess of that required 
for melting. The former has been implied by Biggar et aL (1971) who suggested that 
when glass is used as a starting material in experiments the crystallization of plagio- 
clase is inhibited possibly in favour of 'simpler structures'. It has been demonstrated 
that for certain non-silicate melts, e.g. molten sulphur (Gingrich, I965), the structure 
changes with temperature and it is probable (Morey, 1954) that the same is true of  
silicate liquids since glasses quenched from different temperatures usually show varia- 
tions in physical properties such as density and refractive index (LiUie and Ritland, 

I954). 
Another possibility is that after the plagioclase has melted local concentrations of 

the elements derived from the feldspar are preserved in the melt because of its rela- 
tively high viscosity and these may facilitate plagioclase nucleation if the melt is 
cooled before they can disperse. Again, the higher the temperature to which the liquid 
is heated the more likely any such residual concentrations are to equilibrate with the 
surrounding liquid. 

The consequence of either relic structures or local chemical concentrations (or both) 
persisting in the liquid is that the further above its liquidus a sample has been the 
more likely supercooling is to occur and the greater its probable extent. There is some 
support for the existence of such a relationship. Schairer (1959) has observed ' that 
when melts have been severely o v e r h e a t e d . . ,  crystallization may be inhibited' and 
the extreme supercooling reported by Brown and Schairer (1968) could be due, at 
least in part, to overheating--in this case by about IOO ~ 

In the cooling experiments described above (fig. 3) care was taken to ensure that 
the sample was never more than 12 ~ and rarely more than lO ~ above the liquidus 
temperature. To test the possibility that excessive heating increases the extent of super- 
cooling a series of experiments was conducted on FG 1o1o4 as follows: The sample of 
powdered rock was raised to a temperature in excess of its liquidus and held for I5 to 
20 hours to equilibrate with the furnace atmosphere before cooling to run temperature. 
In each case the duration and run temperature were chosen to fall just below the 
lower dashed line in fig. 3. During cooling the temperature fell from the maximum 
to below the liquidus in less than IO minutes. Despite overheating F G  1o1o4 by 
amounts ranging from 5o ~ to more than IOO ~ for periods of up to 2o hours, it 
proved impossible to supercool any of the experiments into the field below the lower 
line (fig. 3) without plagioclase crystallizing. It can only be concluded therefore, at 
least for this particular basaltic composition, that excessive heating of the liquid has no 
observable effect on the extent to which the crystallization of plagioclase is inhibited. 

Effect of other crystalline phases 
Any variation in the bulk composition of a basaltic melt will affect the extent to 

which it can be supercooled. This could be due largely to changes in the viscosity of 
the melt since it is known that the higher the viscosity the more likely supercooling is 
to occur. Brown and Schairer (1968) considered that the large amount of supercooling 
observed in their experiments could have been due to 'the combination of high SiO~ 
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and A1203 and low N a 2 0 + K 2 0  in the rocks'; Si being an element that raises the 
viscosity of the liquid while the alkalis have the opposite effect (Bottinga and Weill, 
I972). The effect of varying the water content of the melt is difficult to evaluate, since 
on the one hand it will lower the viscosity (Shaw, I963) but on the other, may lead to 
less favourable conditions for plagioclase growth (Lofgren, I973). 

However, another way in which variation in bulk composition could affect the 
supercooling and crystallization of plagioclase from a basaltic magma such as F G  
IoIo 4 is through the introduction of another crystalline phase above the temperature 
at which the supercooled liquid would otherwise precipitate plagioclase. 

It is well known that a crystalline phase does not require a nucleus of  itself on which 
to grow but can grow on nuclei of other materials, for example diopside crystals can 
be grown on nuclei of spinel (Rogers, I97O). This raises the possibility that the crystal- 
lization of another phase, say olivine or pyroxene, from a liquid that was already super- 
saturated with respect to plagioclase would promote the crystallization of feldspar. 

In the heating experiments on basalt FG IOIO4 the penultimate phase to melt is the 
clinopyroxene, which does so between I ~78 and I I82 ~ Because of the difficulties in 
picking out and positively identifying the last few small grains of olivine in the pre- 
sence of abundant augite the temperature at which the olivine melts is more difficult 
to determine and the only certain observation is that the olivine peaks disappear from 
the X-ray powder diffraction patterns of samples heated above lI3O ~ implying 
that the temperature at which the last of the olivine melts is unlikely to be much 
higher. In most basalts with plagioclase as the liquidus phase olivine, when present, 
melts at a higher temperature than the clinopyroxene. As well as being unusual in this 
respect, the relatively low melting temperature of the olivine in FG IoIo4 seems 
anomalous in view of the fact that the rock, which is quite fine-grained, contains 
numerous small phenocrysts of olivine as well as plagioclase and pyroxene (Waters, 
I96I). Preliminary studies of the effect of supercooling on the pyroxene indicate that, 
like the plagioclase, its nucleation and crystallization can be suppressed at temperatures 
below 1 I4o ~ (at least for short times) and certainly pyroxene crystals have not been 
observed in any of the cooling experiments shown in fig. 3. 

From the point of view of studying the effect of the crystallization of another phase 
on the supercooling and non-nucleation of plagioclase, it is unfortunate that the 
pyroxene crystallization can also be suppressed by relatively rapid undercooling 
and that the melting temperature of the olivine is too low. To study this effect a 
9: I mixture of FG IOiO 4 and an analysed olivine was made up (Table I). This new 
starting material (FG IOm4-OL) has olivine as its liquidus phase and a melting 
temperature of I275 ~ (4-3 ~ No plagioclase could be found in heating experiments 
at temperatures above ~I8I ~ (4-3 ~ This suggests that the change in composition 
from F G IOLO4 lowers the plagioclase melting temperature by some I7 ~ but it 
should be pointed out that IO to 2o ~ below the liquidus of FG ~oIo 4 plagioclase 
crystals are small and scarce and the last few crystals would be extremely difficult to  
spot in experiments on FG IOio4-OL , where olivine is abundant. Consequently, 
I I8I ~ can only be regarded as a minimum value for the melting temperature o f  
plagioclase in FG IOlo4-OL. 
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A number of cooling experiments were made on FG Ioro4-OL. The method was 
identical to that used for the pure basalt except that the initial heating was only to 
temperatures between I2OO and I2IO ~ (to melt the plagioclase) and not above the 
liquidus: after cooling, all the samples were held at run temperature for 4 hours before 
quenching. Samples of F G  IOIo4-OL cooled to II57 ~ contain only olivine and 
liquid. Below this temperature plagioclase begins to crystallize in the 4-hour experi- 
ments and by I I47 ~ relatively large, well twinned laths are abundant. These laths, 
like those formed in many of the cooling experiments on the pure basalt, are often 
zoned suggesting that once nucleation occurred they grew rapidly and diffusion rates 
in the adjacent melt became an important factor. The crystallization of plagioclase 
from FG Io~o4-OL can therefore be delayed until the same sort of temperature as 
f rom the pure basalt and this, together with the total absence of plagioclase over- 
growths on olivine, invalidates the hypothesis that a basaltic melt could not be super- 
cooled below the temperature at which the first crystals appear because the presence 
o f  crystals would result in precipitation of the phase (or phases) in which the liquid 
was supersaturated. 

Discussion 

The facts that a basaltic liquid can be supercooled and the crystallization of plagio- 
clase (and pyroxene) inhibited are significant both in the interpretation of experi- 
mental data and with regard to the cooling and crystallization of natural magmas. 

The projections of the upper and lower dashed lines in fig. 3 intersect the liquidus 
temperature at approximately 3oo and ~o 5 hours respectively. Thus, for this particular 
composition, experiments of less than 3oo hours' duration just below the liquidus 
will fail to crystallize plagioclase while ~o 5 hours would be necessary to guarantee 
feldspar nucleation. Because the projections are linear (see below) these times can 
be regarded only as minimum values. In the majority of experimental studies on 
basaltic systems run times are of the order of I to 2 4 hours and the significance of the 
above observations for such studies is self-evident. It is not intended to imply that all 
data derived from short experiments on basaltic compositions are in error: indeed 
there is no reason to question the results of experiments where the sample has never 
been above run temperature. However, in the light of the above evidence considerable 
caution should be exercised in interpreting the results of experiments of short duration 
that involve a nucleation process as representing an equilibrium relationship. 

In determining fig. 3 the samples were cooled as rapidly as possible from above the 
liquidus and held for a predetermined time at a constant temperature before quench- 
ing. This is markedly different from the way in which natural magmas cool and the 
relationships so determined may not be strictly applicable to a realistic cooling situa- 
tion, but, assuming that they are approximately so, it is interesting to consider the 
effects of gradual cooling. 

The dashed lines in fig. 3 are shown as straight lines and projected as such to times 
beyond the available data. Actually they are curves with the general form: 

T = I I98--a(log t*--log t) n, 

where T is the temperature, t* is the time required for feldspar to nucleate at the 
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liquidus temperature 0198 ~ and t is the time required at temperature T. Such 
curves are tangential to the liquidus temperature at t = t*, and become assymptotic 
to the temperature axis at very small values of t; the latter indicating that if the 
sample is held at any sub-liquidus temperature for a short enough time (i.e. very fast 
cooling) nucleation never occurs--i.e, the liquid is quenched to a glass. I t  is evident 
from fig. 3 that both curves are nearly linear over the range of times for which 
they have been determined experimentally (with time on a log scale) indicating that in 
both cases n is near unity. To a first approximation the upper and lower lines can be 
respectively represented by the two linear equations: 

T =  ~o '51ogt@II72 and T = 9 " 2 5 1 o g t + I I 4 8 .  

Only cooling at a constant rate will be considered. Such cooling is unlikely in 
nature but the cooling of a body of magma over a restricted range of temperature 

TABLE I I .  Nucleation temperatures and cooling times for a range of constant cooling 
rates for basalt FG IOlO 4 

Cool ing Nuclea t ion  tempera ture  ~ Total  cool ing t ime (hours)  T ime at  or  below 
rate ~  nuclea t ion tempera ture  

lower line upper  line lower line upper  line 
lower line upper  line 

I0 1144.3 I I68"4 5"8 3"4 0"4 0'5 
5 II47"I I I 7 I ' 6  II.O 6.2 0.8 0"9 
2.5 1149"9 1174"7 2o" 8 1 I.I 1 "6 1.8 
2 I I50"8 1175"8 25"6 I3"4 2"O 2'3 
I I I53 '6  I I78"9 48"4 23"6 4"0 4"6 
0" 5 I I56"4 I 182"I 9I '3  41"O 8"0 9"I 
0'25 II59"2 I I85 '2  171"4 69"3 I6"I 18"2 
O'I I I62"8 I I89"4 39I '8 I3I "4 40'2 45"6 
0'05 1165"6 I 192"6 727"9 I99'6 80"3 9I '2  

below its liquidus can be regarded as linear to a degree of approximation that im- 
proves inversely with the rate of  cooling. For  cooling at a constant rate (R ~ per 
hour) from the liquidus temperature (1 I98 ~ an infinite series of  lines can be con- 
structed according to the equation: t = H--O~98--T)/R or T =  ~I98+Rt--RH, 
where t is the time at or below temperature T and H is the time elapsed since 
cooling commenced. This series of  parallel lines has a slope of R. 

The crystallization of plagioclase will only be a possibility or certainty when the 
line of  cooling intersects the upper or lower curve respectively. For  any cooling rate 
this will first occur when the cooling line is tangential to the appropriate curve. For  
the upper curve this condition is satisfied for a cooling rate of  i ~ per hour at 
T = I I78"92 ~ (attained after I9"o8 hours cooling); after a further 4"56 hours at or 
below 1178.92 ~ plagioclase nucleation is possible. Similar solutions for both upper 
and lower curves for a range of cooling rates are given in Table I I  (rounded off to one 
place of  decimals). For  cooling rates outside the range given in Table I I  the linear ap- 
proximations are inadequate for meaningful solutions. The validity of  the theoretical 
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nucleation temperatures and cooling times in Table II can be checked by cooling FG 
IOIO4 at constant rates from above its liquidus temperature and such experiments are 
in hand. 

A petrologically significant consequence of such supercooling relationships is that 
the temperature at which plagioclase will nucleate from the liquid varies with the 
rate of cooling. The rates at which basic magmas cool in nature vary considerably. 
Hess (196o) calculated that it required 5 x lO 4 years for the temperature of the Still- 
water magma to fall from 1225 to I IOO ~ i.e. a rate of less than 3 x lO -7 ~ per hour. 
On the other hand, the upper surfaces of lava flows are known to cool several hundred 
degrees in the 24 hours following eruption. Under very slow cooling conditions in 
plutonic bodies, plagioclase will crystallize from a basic liquid such as FG 101o4 at 
the liquidus temperature, i.e. equilibrium crystallization. Cooling rates of the order of 
those in Table II are, however, probable in lava flows and possibly some of the smaller 
minor intrusions and could result in differences in the temperatures at which feldspar 
and other phases crystallize and even in the order in which they appear. If  the cooling 
rate is fast enough to lower the crystallization temperature of plagioclase below that 
at which equilibrium crystallization occurs and other phases that are not susceptible 
to supercooling (e.g. olivine), or less so than the plagioclase (? pyroxene), crystallize 
in this interval then the sequence in which the phases appear would be quite different 
from that in a slowly cooled magma of the same bulk composition. Such a mechanism 
could conceivably produce a porphyritic rock (e.g. with olivine phenocrysts) from a 
basaltic composition that was a low-pressure equilibrium cotectic liquid from which 
all three major phases (olivine, plagioclase, and augite) would normally be expected 
to begin crystallizing simultaneously (or nearly so). 

It is therefore interesting to consider basalt FG 101o4 itself. Under equilibrium 
conditions at I atmosphere, plagioclase will begin to crystallize from the liquid at 
1198 ~ This will be joined by augite at 118o (-4-2) ~ and eventually by olivine 
(probably below II5O ~ Under such conditions the only likely phenocrysts are 
plagioclase; pyroxene phenocrysts being less likely and olivine phenocrysts being 
highly unlikely. However, the actual rock contains about equal amounts of olivine, 
plagioclase, and pyroxene phenocrysts which, conventionally, would be interpreted as 
indicating that all three minerals began to crystallize at about the same temperature 
(possibly prior to eruption so that the phenocrysts could have grown under conditions 
of slower cooling). Although the possibility of pre-eruptive crystallization at great 
depth (and hence high pressure) cannot be ruled out, the I atmosphere equilibrium 
phase relations seem to eliminate the possibilities of post-eruption phenocryst forma- 
tion or pre-eruption crystallization at shallow depths. An alternative interpretation 
might be that some or all of the phenocrysts are cumulus, i.e. have been added to the 
liquid from higher levels of the flow or in the magma chamber prior to eruption. 
Again, however, the phase relations render this improbable. 

On the other hand, if the basaltic magma that formed the flow from which FG 10104 
was collected was erupted as a liquid free from phenocrysts and cooled relatively 
quickly, at least over the first 50 ~ or so, then another interpretation becomes possible 
in the light of the above experiments. The rapid cooling could have produced a super- 
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cooled liquid by depressing the temperatures at which plagioclase and pyroxene begin 
to crystallize to around that at which the precipitation of olivine commences, resulting 
in the near simultaneous appearance of all three minerals. Once nucleation of plagio- 
clase and pyroxene began the supersaturated state of the liquid might well result in 
the initial nucleii growing to phenocryst proportions. The phenocrysts of  olivine could 
have formed in the normal way, i.e. as the first phase to crystallize, or simply because 
of the propensity of  olivine for fast growth and the formation of large crystals. I t  can 
be seen from Table I I  that temperature depressions of  the order required by such a 
hypothesis are not only possible but indeed are probable for the sort of  cooling rates 
likely to follow the eruption of a lava flow. 

Fractionation trends followed by volcanic rocks differ from their plutonic counter- 
parts largely because the relatively rapid cooling produces zoned crystals and pro- 
hibits re-equilibration of earlier formed crystals with the liquid. The fact that under 
certain conditions, such as those described above, the sequence in which the major  
crystalline phases appear can change must extend the range of possible deviations from 
equilibrium crystallization or equilibrium fractional crystallization. Yet a further com- 
plication ensues from the observation of Lofgren 0973) that plagioclase crystals 
grown from a supercooled liquid are reversely zoned, so that the compositions of  co- 
existing minerals formed during rapid cooling might differ markedly from those 
formed under equilibrium conditions. To appreciate the significance of this it is only 
necessary to consider the number of attempts in the literature to deduce meaningful 
information from the compositions of co-existing phases (or parts of  zoned phases 
that are thought to have crystallized simultaneously) in volcanic and other rapidly 
cooled rocks. 

There is obviously considerable scope for further speculation on the petrological 
significance of supercooling in basaltic magmas but it would be desirable to await the 
results of  further work, particularly with regard to the supercooling of pyroxene. 
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