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Abstract-The equilibrium phase relations of a synthetic high-titanium basalt have shown that the 
order of appearance and stability of armalcolite, ilmenite, and pyroxene are dependent on oxygen 
fugacity. In addition, this composition and a synthetic f eldspathic high-titanium basalt have been 
crystallized at a variety of linear and nonlinear cooling rates under controlled oxygen fugacities. There 
is a systematic variation with cooling rate of morphologies, mineral chemistries, and textures, with 
ilmenite and olivine morphologies being the most distinctive. The similarities of the experimental 
features with those of many high-titanium mare basalts justify estimation of their cooling history. 
Often in a mare basalt sample, the mineral morphologies will indicate two widely different cooling 
rates. The faster cooling rate features (representing up to 90% of the rock) are those developed during 
the extrusive cooling event, whereas the slower cooling rate features are ascribed to a pre-eruptive 
cooling history. The Apollo. 17 olivine porphyritic-ilmenite basalts erupted with olivine, armalcolite, 
ilmenite, and chromian-ulvospinel crystals in the magma. Samples 74235, 74245, 74275, and 74255 
(estimated extrusive cooling rates of -200°/hr, -20°/hr, -7°/hr, and -2°/hr, respectively) have been 
modeled in a 1 m thick gravitationally differentiating flow based on cooling rates, thermal models, and 
modal olivine contents. Hand specimens of high-titanium mare basalts may not represent the average 
composition of a flow, but result from gravitational differentiates of that flow. 

INTRODUCTION 

ESTIMATION OF THE DEPTH of origin and nature of the source region of 
high-titanium (HT) mare basalts from high-pressure experimental petrology is 
dependent on the interpretation of low-pressure phase equilibrium relations and 
the recognition of phenocrysts grown prior to eruption (cf. O'Hara et al., 1974; 
Walker et al., 1975a; Ringwood, 1970). 

The purpose of this study was twofold: (1) to investigate the low-pressure 
equilibrium phase relations of a synthetic HT basalt composition as a function of 
oxygen fugacity (f 0 2), and (2) to develop petrographic criteria for the recognition 
of phenocrysts which were present in the liquid at the time of eruption. The latter 
purpose was achieved by cooling synthetic ·HT basalt compositions at various _ 
monotonic cooling rates under controlled f oi- Textural and morphological features 
of a mare basalt which can be experimentally duplicated using a single-stage 
cooling history allow distinction between phenocrysts grown during a -preemptive 
or surficial cooling event. 

*Present address: Department of Geology, University of Manchester, Manchester Ml3 9PL, 
England. 
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998 T. M. USSELMAN et al. 

These experiments continue our effort to model the crystallization of mare 
basalts (Lofgren et al., 1974; Donaldson et al., 1975a, this volume). As with the 
previous studies we concentrate on textural, morphological and mineral chemistry 
variations as a function of cooling rate. The data are used to estimate the cooling 
history of natural HT basalt samples, to calculate the minimum thickness of their 
parent lava flow, and to determine whether or not the magma was multiply 
saturated with phenocrysts on eruption. 

EXPERIMENTAL PROCEDURE 

Synthetic glasses (Table 1) were prepared by repeated fusion of oxide-carbonate mixtures in an 
Fe-saturated Pt-Au crucible arid regrinding. The two compositions were determined by electron-
microprobe analyses (technique described by Donaldson et al., 1975a, this volume) of the glasses 
melted at 1250°C for 3 hr and an f02 of 10-i1.s in the experimental configuration. The prepared 
compositions do not exactly match those of any HT basalt samples, but represent possible extremes of 
AbO3 contents observed in the HT basalts. The low-AliO3 glass is similar to a high-K Apollo 11 HT 
basalt, and the high AbO3 is similar to (1) the Luna 16 compositions (although TiO2 is higher in the 
synthetic glass) and (2) the HT aluminous basalts (Ridley, 1975), except that the FeO/MgO is higher in 
the synthetic glass. 

Experiments were performed in a 1-atm furn~ce with f o 2 controlled by CO-CO2 gas mixtures and 
monitored by a solid ceramic oxygen electrode (Williams, 1971). Temperatures were measured using a 
Pt/Pt90Rh10 thermocouple contained within the oxygen electrode and calibrated against the melting-
point of gold. The oxygen electrode was calibrated by reversing the iron-wilstite reaction. Tempera-
ture and f o-i measurements are estimated to be better than ±5°C and ±0.05 log units, respectively. 
Powdered glasses were pressed into 80-mg pellets and suspended in the furnace using the technique of 
Donaldson et al. (1975b). All samples were quenched under the gas flow, by rapidly raising the charge 
to the top of the furn ace ('fO -- 100-200°C). 

The cooling-rate experiments (Table 2) used the same technique as Lofgren et al. (1974) with the 
addition that crystallization during non-linear and two-stage linear cooling was also investigated (Fig. 

Table 1. Composition (wt. % ) of starting glasses and lunar equivalents. 

Synthetic Average of 6 Synthetic 
low-AbO3 Apollo 1 r high-AbO3 Aluminous Luna 16 
HT basalt high-K basalts HT basalt HT basalt basalt 

SiO2 42.33 40.28 40.37 45.9 43.8 
TiO2 10.64 11.88 7.50 7.3 4.9 
AbO3 8.76 8.95 14.49 14.4 13.65 
Cr2O3 0.18 0.2 0.28 
FeO 17.58 19.21 15.36 10.7 - 19.35 
MnO 0.22 0.24 0.20 0.20 
MgO 7.89 7.60 8.13 6.7 7.05 
CaO 10.77 10.53 13.25 11.3 10.4 
Na2O 0.88 0.64 0.25 1.0 0.38 
K2O 0.27 0.31 0.03 0.1 0.15 

Total - 99.52 99.64 99.58 97.6 100.16 
Compston Ridley Vinogradov 

(1970) (1975) (1971) 
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Experimentally reproduced textures and mineral chemistries 999 

Table 2. Cooling-rate runs. 

Low-AbO3 HT basalt 
linear cooling 

log fo 2 

relative 
Run No. Cooling rate Final T°C to I-W 

U-12 210°/hr 990 -0.3 
U-20 86°/hr 1075 -0.3 
U-10 86°/hr 920 -0.3 
U-15 86°/hr 975 -1.4 
U-9 18°/hr 920 -0.3 
U-14 18°/hr 985 -1.4 
U-55 12.5°/hr 975 -0.7 
U-11 7°/hr 1000 -0.3 
U-13 2°/hr 1048 -0.1 
U-25 2°/hr 1105 -0.2 
U-24 2°/hr 920 -0.3 
U-46 2°/hr 1072 +0.3 
U-50 2°/hr 1065 -0.7 
U-51 2°/hr 1075 -1.4 

Two-stage cooling 
U-52 2° 20° /hr 1000 -0.7 

cooling rate 
increased at 1125° 

Continuously decreasing (Fig. 1) 
U-29 T°C versus log t 990 -0.3 
U-27 log T 0 versus log t 1000 --0.3 

High-AbO3 HT basalt linear cooling 
U-48 10°/hr 990 -0.3 
U-47 2°/hr 998 -0.3 

Continuously decreasing (Fig. 1) 
U-31 T°C versus log t 992 -0.3 
U-36 log T°C versus log t 1000 -0.3 

1). Attempts were made to maintain the fo2 at a constant value relative to the iron-wilstite (1-W) buffer 
by intermittent adjustments of the gas mixing ratio. The /02 variation is estimated to be within 0.1 log 
units of a selected curve parallel to 1-W. Three of the f o 2 paths used are shown in Fig. 2. 

CRYSTALLIZATION SEQUENCE 

The results of equilibrium experiments (optically and electron probe deter-
mined) on the low-Ab03 HT composition are presented in Fig. 2 and Table 3. 
Spinel and olivine are the liquidus phases, followed by armalcolite, ilmenite, and 
pyroxene (their order of crystallization and stabili~y being /02 dependent), and 
finally, plagioclase. Armalcolite is the only mineral in a reaction relationship. 
There are two points in /02-T _space where four or more phases coexist in 
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Fig. 1. Cooling paths used in experimental study. Unlabeled curves are log T°C-log t 
and a two-stage cooling history. Cooling rates faster than 18°/hr are not shown. 

equilibrium with the liquid. At point A (Fig. 2) olivine, spinel, armalcolite, 
ilmenite, and liquid are in equilibrium; at point B (Fig. 2) olivine, spinel, 
armalcolite, ilmenite, pyroxene, and liquid coexist. At both points the system is 
only about 10% crystallized. The equilibrium experiments were not reversed and 
should be considered as lower temperature limits for the appearance of a phase. 

The composition of equilibrium liquids as a function of f 0 2 at a given 
temperature reaches a maximum FeO content at ---0.3 log units below I-W. This 
value is taken as iron saturation, and under this or more reducing compositions, 
metallic iron is a stable phase throughout the crystallization sequence. 

Crystallization sequences are critically dependent on f 0 2 • Iron sample holders 
can fix the buffering conditions at Fe0 saturation, and the results will yield an 
unknown slice through the phase diagram somewhere in T-f 0 2 space. Iron 
capsules used in various laboratories also can yield different /02 slices depending 
on the nature and level of trace impurities (i.e. carbon). Molybdenum sample 
holders used in gas-mixing furnaces also are unacceptable due to their chemical 
int~raction with .titanium in the melt (Kesson, 1974). The interpretation of the 
previously determined HT mare basalt phase diagrams could critically hinge on 
the /02 slices determined by the individual investigators. 

The order of appearance of the phases during continuous cooling (Fig. 2) is the 
same as that under equilibrium conditions, although the nucleation temperature of 
each. phase is lowered. 
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Fig. 2. Equilibrium phase diagram for the low-Ali03 HT composition (points A and B are 
explained in text). As the liquidus temperature was not rigorously determined as ,a 
function of f 02 , it is shown as a vertical dashed line, although it should tend to higher 
temperatures with decreasing f o 2 • Lines labeled 1, 2, and 3 are some of the f o 2 paths used 
in the cooling-rate runs (1-W denotes the Fe-"FeO" buffer curve). The petrographically 
inferred crystallization sequence at 2° /hr is shown for each of these f o 2 paths. The 
temperatures do not coincide with those of the equilibrium diagram, as nucleation 

temperatures with cooling are suppressed. 

1001 

In the high-Ab03 HT basalt, plagioclase is the liquidus phase and is followed 
by spinel, ilmenite, olivine, and pyroxene during continuous cooling. 

MINERAL MORPHOLOGY AND TEXTURES 

The morphology of individual crystals of the charges varies systematically as a 
function of cooling rate (Table 4). Ilmenite crystallizes from both compositions in 
groups of subparallel plates whose morphologies vary from dendritic (Fig. 3a) to 
acicular and externally skeletal (Fig. 3b) to subhedral (Fig. 3c) with decreasing 
cooling rate. Elongate skeletons of olivine (Fig. 3d,g) crystallize from both 
compositions cooled at 18°/hr or faster and equant skeletons of olivine (Fig. 3e) 
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1002 T. M. USSELMAN et al. 

Table 3. Equilibrium runs on low-Al2O3 HT basalt. 

Run No. yoc log/02 Time, hr Products 

U-5 1158 -12.54 24 O+S+L 
U-65 1155 -13.41 72 O+A+S+L+M 
U-66 1150 -12.04 72 O+S+l+L 
U-44 1150 -12.89 33 O+S+L+M 
U-64 1150 -13.15 24 O+S+A+L+M 
U-17 - 1150 -13.92 24 O+S+A+L+M 
U-60 1145 -12.44 6 O+S+l+L 
U-61 1145 -13.28 16 O+S+A+l+L+M 
U-59 1145 -13.70 16 O+A+P+L+M 
U-62 1140 -13.28 24 O+S+l+L+M 
U-43 1135 -13.09 33 O+S+l+P+L+M 
U-63 1135 -13.41 7 O+S+I+P+L+M 
U-42 1120 -13.28 25 O+S+l+P+L+M 
U-19 1105 -14.63 24 O+S+l+P+F+L+M 
U-41 1100 -13.54 24 O+S+I+F+P+L+M 

O-olivine; S-spinel; A-armalcolite; I-ilmenite; P-pyroxene; F-
plagioclase; L-liquid; M-metallic Fe. , 

form in the more slowly cooled runs. The variation in olivine morphology as a 
function of cooling rate is identical to that experimentally obs~rved in quartz-
normative (Apollo 15) basalts (Lofgren et al., 1974), olivine-normative (Apollo 12) 
basalts (Donaldson et al., 1975a, this volume), and a terrestrial harrisite (Donald-
son, 1975). 

Pyroxenes in both compositions crystallize with a bimodal grain-size distribu-
tion (Fig. 3f), except in runs cooled at greater than 18°/hr, where the pyroxenes are 
spherulitic (Fig. 3g). Phenocrysts change from subequant, subhedral crystals to 
equant euhedra (Fig. 3h) with decreasing c~oling rate. The groundmass pyroxenes 
are fan spherulites intergrown with acicular plagioclase. With decreasing cooling 
rate there is a la~ger proportion of subequant subhedral pyroxene in the 
groundmass. 

Acicular plagioclase crystallizes from the low-AbO3 HT basalt only as a 
groundmass phase, whereas plagioclase in the high-AbO3 HT basalt shows a 
bimodal grain-size distribution (Fig. 4a). The lath-shaped plagioclase phenocrysts 
become progressively more skeletal with increasingly rapid cooling. Plagioclase in 
the groundmass shows a progression from spherulites to acicular skeletons to 
subhedral equant crystals with decreasing cooling rate. 

Armalcolite, which crystallizes only from the low-AbO3 HT composition, are 
skeletal at rapid cooling rates (---18°/hr) and euhedral at slower cooling rates. The 
armalcolite is commonly rimmed by ilmenite (Fig. 4c), except in runs at low /02 

(Fig. 4d). 
Spinels in the _low-Al2O3 HT composition vary in shape from skeletal (Fig. 3a) 

at rapid cooling (>80°/hr) to euhedral (Fig. 4e) at slower cooling rates. In the 
high-AbO3 HT composition euhedral chromian pleonaste (Fig. 4f) is rimmed by an 
aluminous titanochromite. 

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

http://adsabs.harvard.edu/abs/1975LPSC....6..997U


1975LPSC....6..997U

@ 
r = = 
= Q.. -= (0 

'"""" 

= r.l). 

'"""" 

'"""" (0 

• 

0 < s: 
(0 
Q.. 
-a" 

'"""" =-(0 

z 
> 00 
> 
> r.l). 

'"""" 0 

=-
r.l). ..... n 
r.l). 

a 
00 
r.l). 

'"""" (0 

9 

Table 4. Crystal morphology in the low-Ali03 HT bas·alt composition as a function of cooling rate. All runs were made using the f 0i path labeled 1 in 
Fig. 2. 

Cooling 
rate 0 /hr 

210 (U-12) 

86 (U-10) 

18 (U-9) 

7 (U-11) 

2 (U-24) 

Ilmenite 

Curved dendrites 

l 
Dendrites, some 

acicular skeletons 
(Fig. 3a) 

Acicular, !xternally 
skeletal (Fig. 3b) 

j 
Subhedral tabular, 
externally skeletal 

(Fig. 3c) 

l 
Subhedral 

tabular, few 
externally skeletal 

Olivine 

Thin tabular 
parallel growth 

(Fig. 3d) 
l 

Acicular 
skeletons 
(Fig. 3g) 

l 
Subequant 
skeletons 

Equant 
skeletons 
(Fig. 3e) 

Pyroxene 

Phenocryst Groundmass 

Spherrtes 

Spherulites 
(Fig. 3g) 

Subeq~erulites 
subhedral 

a few coarse 
fan sphrrulites 

Subequant 
subhedral 
(Fig. 3f) 

j 
Euhedral 

equant (Fig. 3h) 

Fan spherulites 
few are subequant (Fig.r f) 

Subhedral 
equant 

Plagioclase 

None 

Acicular 
skeletons 

intergrown 
with pyroxene 
fan spherulites 

l 
Skeletal laths 
and acicular 

intergrown with 
pyroxene fan 

spherulites (Fig. 3f) 

·11 [Fated to 
nucleate] 

Spinel 

Skeletal 
chromian 
ulvospinal 

Euhe_dral 
chromian 
ulvospinel 
(Fig. 4e) 
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Fig. 3. Photomicrographs of crystal morphologies in low-Al203 HT composition: (a) 
86°/hr (U-10) ilmenite and skeletal spinel; (b) 18°/hr (U-9) ilmenite; (c) 7°/hr (U-11) 
ilmenite; (d) 210°/hr (U-12) olivine, crossed nicols; (e) 2°/hr (U-24) olivine, crossed 
nicols; (f) 7°/hr (U-11) subhedral pyroxenes and acicular plagioclase intergrown with 
pyroxene fan spherulites; (g) 86°/hr (U-10) spherulitic pyroxene and acicular olivine; and 

(h) 2°/hr (U-13) pyroxene. 
1004 
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Experimentally reproduced textures and mineral chemistries 1005 

At all investigated cooling rates, the low-AbO3 HT basalt crystallizes with an 
intersertal texture (Fig. 3f). The textural variation is dependent on the spacing of 
the ilmenite plates (Fig. 3a,b,c), which increases with decreasing cooling rates. 
This is reflected in the resultant grain size and morphology·of the pyroxenes and 
plagioclase. The spacing and number of plagioclase phenocrysts in the high-AbO3 
HT basalts has a similar effect on resultant texture to that of the ilmenite in the 
low-AbO3 HT basalt. An intersertal groundmass texture (Fig. 4a) is typical of runs 
cooled faster than 10°/hr, whereas an ophitic texture (Fig. 4b) resulted from 
slower cooled runs. In both compositions, non-linear cooling rates (Fig. 1) resulted 
in coarser groundmass textures. 

MINERAL CHEMISTRY 

Olivine 

Olivine is a minor-normative and modal constituent in both the compositions 
crystallized. The olivine showed only~minor-normal zoning (Table 5), and a slight 
increase in the extent of zoning with decreasing cooling rates. Olivines in the 
high-AbO3 HT composition also show a slight increase in iron content of the core 
with decreasing cooling rates (Fo11.5 at 10°/hr; Fo15-11 at 2°/hr) (cf. James and 
Jackson, 1970), however this correlation was not observed in the low-AbO3 HT 
basalt. There appeared to be no systematic variation of minor-element concentra-
tions with cooling rate. 

Pyroxene 

Pyroxene is a major phase in both HT basalts. In the cooling-rate runs 
pyroxenes are continuously zoned with only minor-oscillatory zoning. In both 
compositions the Ti/ Al ratio is constant, with almost all the Al tetrahedrally 
coordinated. The abundance of Ti and Al decreases along the 1 : 2 line- with 
progressive crystallization and the relative position of the zoning trend is 
cooling-rate dependent (Fig. 5). Lowering the f 0 2 did not noticeably offset the 
zoning trend towards the 1 : 1 line (indicative of Ti+3), _ however rapid cooling 
(~86°/hr) causes the trend to move towards the 1: 1 line. 

The composition of the pyroxene cores (Table 5) and the position of the zoning 
pattern in the pyroxene quadrilateral are related to the cooling rate and oxygen 
fugacity. With decreasing cooling rate at a constant f 0 2 relative to the 1-W buffer 
curve, cores become more magnesium rich from both compositions (Figs. 6 and 
7), and in the low-AbO3 HT basalt they also become calcium poor. The 
compositional differences with cooling rate probably are indicative of the degree 
of suppression of the nucleation temperature from the equilibrium temperature. 
At a constant cooling rate, differences in oxygen fugacity relative to the I-W 
buffer will control the FeO/FeO + MgO ratio of the resultant pyroxene cores (Fig. 
8) as a result of variation in the activity of FeO ( aFeo) in the melt. The aFeo will 
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1006 T. M. USSELMAN et al. 

Fig. 4. Photomicrographs of textures and mineralogical relationships: (a) 10°/hr (U-48) 
high-AbO3 HT basalt (HA) showing bimodal grain size of plagioclase and intersertal 
texture; (b) 2°/hr (U-47) HA basalt showing ophitic texture; (c) armalcolite rimmed by 
ilmenite, 2°/hr (U-50) low-Al2O3 HT basalt (LA); (d) unrimmed armalcolite, ilmenite lath 
in upper left, 2°/hr (U-51) LA basalt; (e) euhedral spine} overgrown with ilmenite (white) 
and armalcolite rimmed by ilmenite (lower left), 2°/hr (U-50) LA basalt; and (f) chromian 
pleonaste rimmed by aluminous-titano chromite, ilmenite (white). T°C versus log t (U-31 

and Fig. 1) HA basalt. 
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Table 5a. Olivine and pyroxene analyses (wt. % ). 

r Olivine U-11 Low-AbO3 HT basalt = = Olivine High-Al203 
U-10 7°/hr 18°/hr 7°/hr 2°/hr T°C-log t m = Q.. 86°/hr core Rim U-9 U-11 U-24 U-31 :>< 

"tj 
(I) - ""1 

47.34 §' = SiO2 36.29 36.01 35.57 47.45 46.38 44.79 (0 (I) 

'"""" TiO2 0.29 0.26 0.37 3.46 2.53 2.95 5.60 ::s 
3.70 4.51 6.39 e. AbO3 0.00 0.00 0.00 4.34 

= Cr2O3 0.13 0.13 0.13 0.22 0.28 0.32 0.35 ""1 
r.l). (I) 

'"""" FeO 28.80 28.94 33.51 13.31 -15.08 11.26 10.04 ,:s ..... 
'"""" 

""1 

= MnO 0.27 0.31 0.29 0.20 0.20 0 
'"""" - - 0.. (0 c:: 
• MgO 33.88 33.67 29.96 11.88 14.94 14.72 11.80 () 

(I) 

CaO 0.41 0.55 0.44 19.28 15.01 16.49 20.40 0.. 

0 Na2O 0.00 0.00 0.00 0.15 0.13 0.10 0.03 (I) 
:>< < ..... i:: Q.. ""1 

(0 
Total 100.07 99.87 100.27 99.87 98.05 97.89 99.60 

(I) 
Q.. (/) 

-a" ::, 

'"""" Si .978 .975 .979 1.805 1.801 1.812 1.704 
0.. 

=- 3 (0 

z Ti .006 .005 .008 .099 .074 .085 .160 s· 
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00 e:.. 
> Cr .003 .003 .003 .007 .008 .010 .011 () 

> Fe .649 .655 .772 .423 .490 .360 .319 ::::r 
(I) 

r.l). §. '"""" Mn .006 .007 .007 - - .006 .007 (/) 
0 Mg 1.361 1.358 1.230 .674 .864 .840 .669 ::i. =- (I) 

Ca .012 .016 .013 .786 .625 .676 .831 (/) 

r.l). ..... 
Na .000 .000 .000 .011 .009 .008 .002 n 

r.l). 

Fo 67.6 Fo 67.2 Fo 61.2 Wo 41.7 Wo 32.2 Wo 36.0 Wo45.7 
En 35.8 En 44.6 En44.8 En 36.8 '"""" 
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Table 5b. Partial analysest of pyroxene cores (mole percent). 

log /02 
Cooling relative 

Run No. rate to 1-W Wo En Fs 

U-9 18°/hr -0.3 41.8 38.5 19.7 
43.7 36.3 20.0 

U-11 7°/hr -0.3 32.2 44.6 23.2 
31.6 43.7 24.8 
33.7 42.4 23.9 

U-24 2°/hr -0.3 36.0 44.8 19.2 
30.5 44.9 24.6 
30.7 44.4 24.9 

U-13 2°/hr -0.3 19.6 59.2 21.2 
24.3 55.0 20.7 

U-50 2°/hr -0.7 39.5 47.8 12.7 
32.6 49.9 17.5 
37.0 48.4 14.6 

U-51 2°/hr -1.4 32.6 53.8 13.6 
U-31* T°C-log t -0.3 45.7 36.8 17.5 
U-48* 10°/hr -0.3 37.1 49.1 13.9 
U-47* 2°/hr -0.3 46.6 42.5 10.9 

*High-AbO3 HT basalt. 
tPartial analyses are based on calculations of Wo, En, and Fs 

based on Ca, Fe, and Mg microprobe determinations. 

increase to a maximum at iron saturation and then decrease as progressively more 
metallic iron precipitates. Iron saturation was found to be near 0.3 log units below 
the I-W buffer curve. 

Pyroxenes crystallized from the low-AhO3 HT basalt are zoned in the same 
manner (Fig. 6) as those in the high-K Apollo 11 HT basalts. Pyroxenes in the 
high-AhO3 HT basalt differ in showing two distinct zoning trends (Fig. 7). The 
zoning trend is dependent on the identity of the adjacent phase: when a 
plagioclase phenocryst is in direct contact with the pyroxene, FeO/FeO + MgO is 
essentially constant as in the Apollo 17 plagioclase-poikilitic-ilmenite basalts (cf. 
Papike et al., 1974), whereas when pyroxene abuts the groundmass, it shows an 
iron-enrichment zoning pattern as in the low-K Apollo 11 HT basalts (cf. James 
and Jackson, 1970). In both compositions, the slower the cooling rate the more 
extensive is the iron-enrichment trend. 

Plagioclase 
Plagioclase crystallized from the low-AbO3 HT basalt is only modestly zoned 

(Table 6). At 18°/hr, it is normally zoned from An61-64, while at 7°/hr the extent of 
zoning is increased (Ann-6s). At cooling rates <7°/hr and > 18°/hr, plagioclase 
failed to nucleate. In the high-AhO3 HT basalt, plagioclase is present in all runs. 
The extent of zoning increases with- decreasing cooling rate; compositions are in 
the range An95-94 at 10° /hr and An96-91 at 2° /hr. 
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Fig. 5. Ti-Al zoning trends of pyroxenes in 1ow-Ab03 HT basalt. Hachured area is the 
7°/hr run. 
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Plagioclases grown from both melts are rich in minor elements (Table 6), as 
they are in the HT mare basalts (Crawford, 1973). All of the plagioclase 
compositions are non-stoichiometric, containing excess Ca relative to Si (Fig. 9). 

Ilmenite 
In- both compositions, ilmenite crystallized in every run that went below 

1100°C. There were no detectable compositional differences as a function of 
cooling rate and foi- The MgO and Cr2O3 contents are temperature dependent 
(Table 7) in equilibrium experiments. Ilmenites grown in the cooling-rate experi-
ments are homogeneous and must rapidly equilibrate with respect to MgO and 
Cr2O3. MgO and Cr2O3-rich ilmenites (2-6 wt.% and 1-3 wt.%, respectively) occur 
when the ilmenite is adjacent to a chromian ulvospinel. Most of the ilmenites have 
compositions similar to those grown in equilibrium runs at temperatures less than 
---1060°C, even though the bulk of the ilmenite crystallized at higher temperatures. 
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I r 0

/hr 

20/hJ ;o/hr 

Fig. 6. Pyroxene zoning trends (from several crystals) in low-Al2O3 HT basalt as a 
function of cooling rate at 0.3 log units below the 1-W buffer curve. 

Armalcolite 
Armalcolite crystallizes only in the low-Ah03 HT composition, with composi-

tion and extent of zoning being f 0 2 dependent. Figure 10 shows the extent of 
Mg-Fe zoning of individual crystals and how these relate to the gray and tan 
armalcolite fields of El Goresy et al. (1974). This zoning difference is probably 
related to the larger stability field of armalcolite at low-oxygen fugacities. 

Spinel 

Spinets crystallized from the low-Ah03 HT basalt, are chromian ulvospinels 
(Fig. 11) and are very similar to those found in Apollo 11 and 17 HT basalts (El 

En 

--18°/hr 

2°/hr 

Fig. 7. Pyroxene zoning trends in high-AbO3 HT basalt as a function of cooling rate. The 
solid lines represent portions of the single-crystal abutting plagioclase; while the open 
curves represent portions of the same crystal in contact with the groundmass. -----18° /hr 

represents the initial cooling rate of T°C-log t run (U-31). 
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Fig. 8. Pyroxene zoning trends in low-AbO3 HT basalt as a function of fo-i relative to the 
1-W buff er curve at a constant 2° /hr cooling rate. 

Table 6. Plagioclase analyses (wt. %). 

7°/hr 
U-11 U-41 

Run No. T°C-log t 2°/hr 1100°c 
conditions Core Rim U-29 U-47* Equilibrium 

SiO2 52.86 53.38 52.11 45.62 51.52 
TiO2 0.12 0.25 0.14 0.15 0.25 
AbO3 29.30 28.70 30.18 34.15 30.46 
FeO 0.86 1.09 0.72 0.37 0.56 
MnO O.ol O.ot 0.00 0.01 0.01 
MgO 0.15 0.29 0.13 0.42 0.19 
CaO 13.63 12.77 13.67 18.31 13.59 
Na2O 2.98 3.54 2.86 0.70 3.16 
K2O 0.21 0.19 0.21 0.05 0.17 

Total 100.12 100.22 100.02 99.78 99.91 

Si 2.399 2.420 2.367 2.108 2.345 
Ti .004 .009 .005 .005 .009 
Al 1.567 1.533 1.616 1.860 1.634 
Fe .033 .042 .027 .014 .021 
Mn .000 .000 .000 .000 .000 
Mg .010 .020 .009 .029 .013 
Ca .663 .620 .665 .906 .663 
Na .263 .311 .252 .063 .279 
K .012 .011 .012 .003 .010 

An 70.7 An 65.8 An 71.6 An 93.2 An 69.6 

*High-AbO3 HT basalt. 
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2.6..------.-----,----....----,----...-----

2.4 

Si 
- 18°/hr 

2.2 X - 7°/hr l'ow . - T- log time 
Al2o3 

D - 1100° 

0- 2°/hr - high At2~ 

2.0 ___ __. ________________________ _. 

1.0 0.8 Ca 0.6 0.4 

Fig. 9. Plot of Si and Ca atoms per 8 oxygen atoms in plagioclase showing degree of 
nonstoichiometry relative to other mare basalts (after Crawford, 1973). 

Goresy et al., 1974). There is no difference in composition and extent of zoning as 
a function of cooling rate. 

In the high-AlzQ3 HT basalt, chromian pleonaste (Figs. 4d and 11) is mantled 
by an aluminous titanochromite. The difference in composition from the more 
typical lunar spinel range is related to the higher-AlzQ3 content of the synthetic 
liquid. These spinets resemble some found in Luna 16 basalts (Haggerty, 1972). 

APPLICATION TO HIGH-TITANIUM MARE BASALTS 

Comparison of the observed features in the synthetic compositions to those of 
HT mare basalts is limited by the differences in bulk composition. Although 
precise replication of the mineral compositions and textural features was not 
accomplished in this study, the similarities of certain mineral morphologies (in 
particular, ilmenite and olivine) observed in both synthetic compositions with 
those of the HT mare basalts justify estimation of cooling rates. Pyroxene 
morphology, composition, and zoning trends tend to support cooling rates 
estimated from ilmenite and olivine morphologies, but due to the variations in 
pyroxene chemistry with /02 and bulk composition their use is limited. Several 
estimated cooling rates for the Apollo 17 HT basalts are given in Table 8. 
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0.4 

/"' ', ALL RUNS WERE MADE AT 2° /hr 
// GRAY \ FROM 1225° TO 1060°C. 

/ \ 

' IW-0.7 
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....... ' -~ 

0.5 
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0.6 0.7 

Fig. 10. Mg-Fe cationic relations (based on 5 oxygens) for armalcolites from low-Al2O3 
HT basalt. At lower f o 2 relative to I-W, the zoning relations extend through both the gray 

and tan armalcolite fields of El Goresy et al. (1974). 
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If cooling rates of a suite of natural HT mare basalts with similar compositions 
can be estimated from the experimental data, the thickness of the parent flow can 
also be estimated. For example, olivine-porphyritic Apollo 17 basalts 74235, 
74245, 74275, and 74255 (Fig. 12a-d) have mineral morphologies and textures 
indicative of crystallization at ,_, 200° /hr, ---- 20° /hr, ,_, 7° /hr, and ,_, 2° /hr, respec-
tively. Although the compositions (Rose et al., 1975) of 74235, 74255, and 74275 
(74245 has not been determined) are remarkably similar and their mineralogical 
differences cannot simply be related to the addition or subtraction of a given 
mineral, it is useful to consider these samples as originating from a single cooling 
unit to show the range of textures possible within a thin flow. Using the model of 
Provost and Bottinga (1972) and assuming that 74255 was at the center of the 
cooling unit, the flow would be at least 1 m thick and samples 74235, 74245, and 
74275 would then be located 6-8 cm, 15-20 cm, and 25-30 cm, respectively from 
the top or base of this flow. We must emphasize that this model is only illustrative 
and should not be construed as proving a single flow as the origin of these 
samples. 

Many experimental observations on mineral chemistry and crystal morphol-
ogy are applicable to understanding the crystallization of the HT mare basalts, 
even though their bulk compositions differ: 
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Table 7. Weight percent MgO and Cr2O3 in ilmenite (low-Al2O3 composi-
tion, all at an /o-i of 0.3 log units below 1-W). 

Equilibrium runs 7°/hr 86°/hr 
quenched at quenched at 

1120°c 1100°c 1058°C 1000° 920° 

MgO 7.40 6.17 3.88 2.81 2.14 
Cr2O3 2.26 1.53 0.77 0.62 0.48 

(1) The observed difference in the composition of armalcolites and the 
reversal of ilmenite and pyroxene in the crystallization sequence as a function of 
/02 supports the model of El Goresy et al. (1974) where the position of ilmenite and 
pyroxene in the crystallization sequence is responsible for the different occur-
rences of tan and gray armalcolites in similar rock compositions. 

(2) Inasmuch as the low-Ah03 HT composition is not plagioclase saturated 
when pyroxene crystallizes (Fig. 2), and pyroxene displays a Ti/ Al ratio of 1 : 2, 
the interpretation of a 1 : 2 ratio for pyroxenes in HT mare basalts implying 
plagioclase saturation (Papike et al., 1974), should be used cautiously. It appears 
that in HT basalts, high-Ti02 activity is the factor controlling the Ti/Al ratio, and 
not necessarily plagioclase saturation (cf. Akella and Boyd, 1973). 

u .8 
+ 

2 Ti 

Cr Al 

RIM 
p 

/~UNA 
CORE 16 

.6 .8 
Fe/Fe + Mg 

.8 

.. u ,.4 .. u 

--
RIM 

/~UNA 
0 16 

CORE 

.6 .8 
Fe/Fe + Mg 

Fig. 11. Compositions of spinels from low-AbO3 HT basalt (solid, Fig. 4e), high-Al2O3 
HT basalt (open, Fig. 4f), and selected Luna 16 basalts (hachured) from Haggerty (1972) 

for comparison with those in high-Al2O3 HT basalt. 
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Table 8. Estimated relative cooling rates of selected 
Apollo 17 HT mare basalts based on analogy of 
ilmenite, olivine and pyroxene morphologies and the 
general nature of the groundmass textures with those 
of the experimental runs. Precise estimate~ of cooling 
rate were not possible because of the variability of 
bulk compositions. It is not implied that these samples 

came from the same flow. 

Sample Cooling rate O /hr 

74235 150-250 
76539 50-150 
70215 25-50 
74245 15-25 
71569 5-15 
76136 5-15 
74275 5-10 
71135 2-5 
70255 2-5 
74255 1-3 
71055 1-3 
75035 <1 
75075 <1 
78505 <1 
70149 <1 
70017 <1 
70035 <1 

1015 

(3) Ilmenite in many Apollo 11 and 17 HT basalts has an equant morphology 
(Fig. 13), rather than the platy form grown in the experiments. There are three 
possible explanations for the equant ilmenites: (1) they are psuedomorphs after 
blocky armalcolite (Papike et al., 1974), (2) they are the preferred growth 
morphology from a given bulk composition, or (3) the ilmenite crystallized in a 
turbulent environment in which the equant form was pref erred. The first 
suggestion is undoubtedly true in some samples, but not all, as all of the equarit 
ilmenite probably did not result from reaction of armalcolite because no relic 
armalcolite exists in many samples. The second hypothesis is not supported, as 
the platy shape occurs in both synthetic compositions. The hypothesis of 
crystallization in a turbulent flow is favored. 

Plagioclase did not nucleate in the low-Ah03 HT charges cooled at 2°/hr, but is 
present in HT mare basalts of similar composition inferred to have crystallized at 
a similar cooling rate. Nucleation of plagioclase in nature may be aided by 
turbulence or by the melt being more polymerized than in the experimental 
charges (Gibb, 1974). However, there is no definitive evidence supporting the 
degree of polymerization as a function of time and its affect on nucleation. 
Non-linear cooling rates have been observed to favor plagioclase nucleat.ion and 
growth, however, most of the HT mare basalts examined show no morphological 
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Fig. 12. Photomicrographs of Apollo 17 HT basaltic samples proposed to represent 
samples in one flow at various positions. (a) 74235,11; (b) 74245,28; (c) 74275,81; and (d) 

74255,81. 

evidence (i.e. a progression of different ilmenite morphologies) for having a 
non-linear cooling history in the crystallization interval. 

MULTIPLY SATURATED HT BASALTIC MAGMAS 

Petrographic identification of phenocrysts that were in equilibrium with the 
magma at the time of eruption is interpretative. For example, the Apollo 15 
quartz-normative basalts have large-pyroxene phenocrysts, and controversy 
arose as to whether these resulted from crystallization on the lunar surface from a 
liquid free of phenocrysts (Weigend and Hollister, 1973; Dowty et al., 1974), or 
whether the phenocrysts were present in the magma at the time of eruption 
(Bence and Papike, 1972). Experimental duplication of the phenocrysts mor-
phologies and rock textures by Lofgren et al. (1974, 1975) suggested that the 
phenocrysts crystallized on the surf ace. 

In the experiments reported here and in the work of Lofgren et al. (1974), the 
textural and morphological features of a rock which can be experimentally 
duplicated using a single-stage cooling history are those which develop during an 
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Fig. 13. Equant ilmenites in 10003,47. 

extrusive cooling event. Features of the basalt which are not related to a 
single-stage cooling event are identifiable, and are refe.rable to a preeruptive 
cooling history. Some olivine-porphyritic HT basalts crystallized extremely 
rapidly (i.e. 74235 at ---200°/hr, Fig. 12a), yet contain olivine phenocrysts with 
morphologies indicative of crystallization at less than 2°/hr (such features were 
experimentally duplicated only by using a two-stage cooling process). Olivine 
settling velocities, calculated using the method of Walker et al. (1975b), indicate 
that any settled olivines in 74235 could have only originated from portions of the 
flow (assuming a 1-m flow as discussed above) which cooled at >20°/hr. The 
morphologies of olivine phenocrysts in 74235 indicate that they do not represent 
crystals settled from other portions of the flow. With more slowly cooled HT 
basalts, distinction between olivine phenocrysts present at eruption and those 
which crystallized and settled from other portions of the flow is nearly impossible. 

Other minerals present in the olivine-porphyritic ilmenite basalts at the time of 
eruption are chromian ulvospinel (often enclosed in an olivine phenocryst), 
armalcolite, and ilmenite (±rutile). Figure 14 shows an armalcolite phenocryst 
which has reacted to an ilmenite, rutile, plus minor-spinel assemblage in a 
groundmass showing evidence of cooling at --100°/hr. It is believed this is a 
preeruption phenocryst assemblage for two reasons: (1) the morphology of the 
phenocrysts are those of euhedral armalcolites and probably represent cooling 
rates of< 2°/hr, and (2) much of the rutile is oriented with re~pect to the outline of 
the euhedral armalcolite (the ilmenite is not oriented), and such an oriented 
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Fig. 14. Armalcolite (gray) phenocryst showing_ breakdown to ilmenite (light gray), 
oriented rutile (far left, white), and minor spine] (dark-gray lamellae) in 1-2-mm particles 

from 71502,3. 

breakdown or reaction probably could not have proceeded at a cooling rate of 
--- 100° /hr. 

In the Apollo 17 olivine-porphyritic-ilmenite basalts, we have identified an 
assemblage of at least four di:ff erent phenocrysts minerals present in the magma at 
the time of eruption based on mineral morphologies showing a large cooling-rate 
disparity with the bulk of the rock. These are olivine, chromian ulvospinel, 
armalcolite, and ilmenite (±rutile?). This observation agrees with that of Shih et 
al., this volume (1975) who suggested that the trace-element distribution in the 
Apollo 17 olivine-normative basalts is controlled by olivine and iron-titanium 
oxide fractionation. The presence of the above-mentioned phenocrysts (pyroxene 
and plagioclase phenocrysts have not been observed in these rocks) indicates that 
the magma was multiply saturated at the time of eruption and suggests that the 
individual hand specimens do not represent the average composition of the lava 
flows. 

SUMMARY 

Phase relations for a synthetic HT basalt have been determined to vary 
significantly as a function of fo2 within the range of intrinsic lunar-oxygen 
fugacities (Sato et al., 1973). This observation may explain the reversal of the 
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order of appearance of ilmenite and pyroxene observed by El Goresy et al. (1974) 
for Apollo 17 basalts of nearly identical compositions. 

Many of the textures, morphologies, and mineral chemistries of the HT mare 
basalts have been experimentally duplicated using single-stage cooling histories. 
The data can be used to estimate the cooling rate of HT mare basalts and to 
calculate thicknesses of flows using a suite of possibly related samples. As these 
experimental features are related to a single-stage cooling history, phenocrysts 
which grew prior to eruption in the lunar basalts are recognizable. The Apollo 17 
olivine-porphyritic-ilmenite-basaltic -magma erupted with olivine, chromian 
u)vospinel, armalcolite, and ilmenite crystals on the liquidus. 
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