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INTRODUCTION. Linear controlled cooling rate experiments on a synthetic 
analog of Apollo 15 quartz normative basalt (QNB) 15597 [l] provide informa-. 
tion concerning the effects of dynamic crystallization on the appearance tem- 
perature and phase chemistry of minerals and on the liquid line of descent. 
Briefly, the effects of cooling the QNB basalt liquid were: (1) to suppress 
the appearance temperature of later phases (especially spinel, plagioclase, 
silica, et,c.), (2) consequently, change the composition of the residual liquid 
and ( 3 )  change the chemistry of the phases that crystallized from the liquid. 
The effects of cooling rate on QNB 15597 are summarized (Fig. 1, taken from 
[I]) in a plot of temperature vs. cooling rate and compared with phase appear- 
ance temperatures of equilibrium experiments. It is the purpose of this note 
to evaluate the departure of residual liquids produced during dynamic crystal- 
lization from the equilibrium liquid line of descent in this lunar basalt sys- 
tem. A residual liquid composition (Table 1, #1) obtained from a controlled 
cooling rate experiment carried out at 150°C/hour over the temperature inter- 
val 1225°C to 1040°C and quenched into water was chosen for equilibrium ex- 
periments. This residual liquid coexists with olivine, chromian spinel, and 
an aluminous augitic pyroxene (Table 1, #2 ) ,  and has been undercooled with re- 
spect to the equilibrium appearance temperature of plagioclase by % 100°C. 

Experiments. The experiments were performed in iron metal capsules held 
in evacuated silica glass tubes (see experimental method of [I]). Starting 
material was a synthetic glass prepared by fusion of an oxide mix. The results 
shown in Fig. 1 are preliminary in the sense that they are synthesis experi- 
ments. However, the phase appearance temperatures are probably within + 10°C. 
The liquidus phases are An98 plagioclase and spinel (Table 1, # 3 ) .  Spinel dis 
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is nearly completely crystalline by 1040°C, where low-Ca clinopyroxene, plagi- 
oclase, silica, Fol5 olivine and ilmenite are present. 

Departure of the Residual Liquid from the Equilibrium Liquid Line of 
Descent. The nature of the departure of this residual liquid from the equi- 
librium liquid line of descent is of interest in evaluating the significance 
of epitaxial augite rims in rapidly cooled quartz normative basalts, since 
this experimentally produced liquid coexists with highly aluminous augites 
that are nearly identical to those found in rapidly cooled QNB's (e.g., 15597, 
15499, 15486 [1,2,3,41). In Fig. 2 the liquid lines of descent in the 150°C/ 
hour experiments, in the equilibrium experiments on 15597 and on the residual 
liquid experiments are plotted in the subprojection An-01-Qtz of the system * An-01-Cpx-Qtz. The diagram shows that liquids generated by dynamic crystal- 
lization depart dramatically from equilibrium. The dashed line away from the 
composition of QYB 15597 represents the liquid line of descent in the 150°C/ 
hr experiments. Crystal control is initially olivine, then olivine + low-Ca 
clinopyroxene, which is joined by spinel. At point f, the high Ca-A1 augite 
begins to crystallize. The line terminates at the residual liquid composition 
at 1040°C for which equilibrium experiments were performed. 

The equilibrium cosaturation curves (solid lines) are inferred from the 
15597 experiments and the experiments on the residual liquid. A simple set of 
cotectics cannot be shown for this system, but the two-dimensional representa- 
tion will serve for comparison. 

An equilibrium crystallization path for 15597 (neglecting oxide phases) 
is olivine subtraction (dotted line) followed by olivine + pyroxene cosatur- 
ation (point a), saturation with olivine + pyroxene + plagioclase (point b), 
disappearance of olivine, and reappearance of a more Fe-enriched olivine [51 
(point dl, and finally saturation with silica (point el. The equilibrium se- 
quence for the residual liquid is plagioclase subtraction (dotted line), fol- 
lowed by saturation with olivine + pyroxene (point c) and finally appearance 
of silica (point el. 

Note that the liquid line of descent for the 150°C/hr experiments disre- 
gards the equilibrium boundaries, and the liquids go well into the plagioclase 
primary phase field. The 
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sidual liquid. A 100°C plus field of plagioclase crystallization occurs 
between the equilibrium liquidus and the temperature (1040°C) at which the 
residual liquid coexisted with olivine + Ca-A1 rich augite + spinel. 

Conclusions. The experiments on a residual liquid composition demon- 
strate that extreme departures from equilibrium occur during rapid cooling and 
crystallization. The departures result from kinetic factors, specifically the 
suppression of plagioclase nucleation and spinel reaction while phases that 
nucleate early in the cooling sequence continue to grow (e.g., olivine and 
pyroxene). It is suggested that the minor element chemistry of the Ca-A1 rich 
pyroxene produced during dynamic crystallization is controlled by two inter- 
related kinetic processes; (1) the degree of undercooling before plagioclase 
appears and restores the liquid to an equilibrium composition and (2) the dif- 
fusion rates of minor elements away from the crystal-liquid interface during 
rapid crystal growth. When minor elements are included in pyroxene by these 
kinetically controlled processes, charge balance appears to operate, but the 
minor element substitutions appear to only partially compensate for the 
departure of the system from equilibrium. 
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* 
01 = (Mg,Fe)2Si04, Cpx = Ca(Mg,Fe)Si206, An = CaA12Si208, Qtz = Si02 
recalculated in molar proportions. Na20, K20, Cr203, Ti02 and MnO 
are discarded. 

Table 1 

t 1 $2 113 44 # 5  #6 
l i q u i d  aug i te  sp ine l  pyroxene l i q u i d  l i q u i d  - 

Si02 48.4 47.0 0.0 49.6 49.2 47.4 

TiO, 2.32 1.69 0.81 0.77 2.94 3.98 

A1203 12.8 6.26 60.0 2.49 10.1 8.70 

Cr203 0.11 1.04 0.11 0.41 0.14 0.06 

FeO 20.2 16.1 28.1 26.8 22.8 26.7 

M90 3.19 11.8 9.46 14.5 3.14 2.08 

MnO 0.24 0.24 0.13 0.46 0.30 0.23 

CaO 11.7 15.9 0.16 5.90 11.3 10.4 

K2° 
0.10 --- --- --- 0.0 0.13 

0.26 0.0 --- 0.0 0.14 0 . 0  Na20 - - - - - 
z 99.32 100.63 98.77 100.93 100.06 99.68 

Wo 35.0 12.5 

En 36.3 43.0 

Fs 28.7 44.5 

A116 oxy 0.281 0.113 

T i / 6  oxy 0.048 0.022 

Cr/6 oxy 0.031 0.012 
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