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Abstract-An analog of the Apollo 15 quartz-normative basalts (also called pyroxene-phyric basalts) 
has been experimentally crystallized at a variety of linear cooling rates between 1250 and 1 °C/hr at one 
atmosphere total pressure and oxygen fugacities close to those ascribed to lunar rocks. The charges 
show a variety of mineral chemical and textural features which are systematically related to cooling 
rate and which replicate many features of the quartz-normative basalts. In particular, the major and 
minor element zoning trends in pyroxene phenocrysts~ the compositional discontinuity of the spine] 
series, and the nonstoichiometry in plagioclases have been reproduced. Charges have a porphyritic 
texture at linear cooling rates less than 60°/hr. The porphyritic texture is attributed to an abrupt 
increase in the pyroxene supersaturation, caused by a decrease in the slope of the equilibrium liquidus 
when plagioclase joins pyroxene as a liquidus phase. Comparison between dynamic and equilibrium 
experiments suggest that igneous reactions and textures can be studied experimentally even in systems 
of high chemical complexity. 

INTRODUCTION 
THE QUARTZ-NORMATIVE (pyroxene-phyric) basalts from the Hadley-Appenine 
landing site of Apollo 15 display a variety of rock textures (Dowty et al., 1974; 
LSPET, 1972; Brown et al., 1972; Chappel and Green, 1973) and mineral zoning, 
especially in the pyroxenes (Weigand and Hollister, 1973; Bence and Papike, 
1972). Controversy has arisen as to whether these textures and mineral zoning 
result from a two-stage cooling history (Bence et al., 1971; Bence and Papike, 
1972; Greenwood et al., 1972; Kushiro, 1973) or a single-stage cooling history 
(Hollister et al., 1971; Weigand and Hollister, 1973; Dowty et al., 1974). Crystalli-
zation experiments are being conducted on a synthetic quartz-normative (QN) 
basalt composition in an attempt to examine the effect of cooling rate on textures 
and mineral chemistry in this group of lunar basalts. Controlled cooling rates as 
low as 0.5°C/hr are attainable in the laboratory which permit simulation of a wide 
spectrum of lunar lava flow cooling rates. 

The QN basalts are particularly suited for study because they are abundant 
and show restricted chemical variation (Rhodes and Hubbard, -1973; Chappel and 
Green, 1973) but display the wide variety of textures that suggests a variety of 
cooling rates. The textural variation may be interpreted as due to sampling from 
different positions in one or more lava flows (Chappel and Green, 1973; Dowty et 
al., 1974). Similarity of the QN basalts to some Apollo 12 porphyritic rocks 
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550 G. LOFGREN et al. 

(Dowty et al., 1974) suggests that the results may be more widely applicable than 
to just Apollo 15 basalts. 

The experiments reported here include isothermal crystallization at various 
degrees of supercooling anQ crystallization at various monotonic cooling rates. 
Many features of the natural QN basalts, such as the porphyritic texture, the 
pyroxene zoning trends, the plagioclase nonstoichometry, and the compositional 
discontinuity in the spine] series have been reproduced. Results are preliminary but 
adequately demonstrate that it is possible to reproduce rock textures and mineral 
chemistry in the laboratory. 

EXPERIMENTAL PROCEDURES 

Crystallization experiments were performed in a one atmosphere vertical furnace with oxygen 
fugacity (/ o 2) controlled by CO-CO2 gas mixtures and monitored with a solid ceramic oxygen 
concentration cell (Williams, 1971). Temperature was measured with a Pt: Pt Rh10 thermocouple 
contained within the oxygen cell and calibrated against the gold melting point. The oxygen cell was 
calibrated by reversing the iron-wiistite reaction. 

A sy"nthetic glass, similar in composition to the Apollo 15 QN basalts, was prepared by repeated 
fusio~ and grinding of an oxide-carbonate mix (Table 1). The powdered glass was pressed into pellets 
(6 mm in diameter and 2 mm thick) and attached to an 8 mil Pt wire loop by electrically heating the wire 
until slight melting tacked the pellet to the loop. The Pt loop was attached to a ceramic rod and lowered 
through the top of the furnace to the hot spot. On melting, the pellet forms an ellipsoid, 4-5 mm in 
diameter and 3-4 mm thick. Runs were quenched by raising the charge to the top of the furnace. Each 
charge was mounted in epoxy, and a polished thin section was prepared for petrographic and electron 
microprobe study. 

Using a Pt-loop provides minimum chemical interaction between container and sample (compare 
glass analyses of the starting material with that run in a platinium loop, Table 1), maximum contact of 
sample with furnace atmosphere, and a sample sufficiently large for textural analysis. Microprobe 
analysis of glass detects iron loss only within 5 µm of the wire. Comparison of batch melted and run 

Table 1. Miscellaneous analyses. 

Starting Material 

Average Batch Run Cristobalite 
QN basalt Melted Melted Run 31 (l.2°C/hr) 

SiO2 47.94 48.70 48.04 98.19 
TiO2 1.87 '1.68 1.76 0.38 
Al2O3 9.49' 10.70 11.19 0.22 
Cr2O3 0.47 0.29 0.44 0.00 
FeO 20.26 18.90 18.03 0.34 
MnO 0.29 0.26 0.28 0.00 
MgO 8.55 8.94 9.18 0.00 
CaO 10.63' 10.41 · 10.26 0.17 
Na2O 0.32 0.05 0.08 0.07 
K2O 0.06 0.09 0.07 

Total 100.03 100.Q2 99.33 99.37 

Rhodes and Hubbard (1973) LSC IV. 
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Experimentally reproduced textures and mineral chemistry 551 

melted starting material (Table 1) shows no significant alkali loss during the runs. There is an apparent 
tendency for chromite and metal to nucleate adjacent to the wire or on the outer surface of the charge. 
Silicate phases are uniformly distributed in the charge. 

Sato et al. (1973) conclude that during crystallization of lunar basalts, f o 2 values are between the 
ulvospinel-ilmenite-iron buffer curve and the iron-wilstite buffer curve. The initial / 0z in our 
experiments was approximately one log unit below iron-wilstite (Fig. 1). The liquidus temperatures of 
the QN basalts varies (Fig. 1). In some rocks the melting temperature of spinel was not determined. 
Melting of the synthetic QN basalt at 1250 ± 5°C for 3 hours produced a homogeneous melt. 

After melting, the run was either dropped rapidly (approximately 1300°C/hr) to an isothermal 
crystallization temperature or allowed to cool at a controlled, monotonic cooling rate (Table 2). During 
cooling rate experiments no attempt was made to adjust the CO: CO2 mixing ratio, which should have 
resulted in progressive, but slight, reduction relative to the iron-wiistite buffer, assuming equilibrium 

Table 2a. Isothermal runs. 

Melt Crystallized 

Run No. T(°C) log /02 T(°C) log /02 

L-38 1257 -11.9 1215 -12.2 
L-36 1256 -11.9 1204 -12.2 
L-25 1250 -11.9 1188 -12.3 
L-26 1250 -11.8 1160 -12.7 
L-37 1258 -11.9 1130 -12.9 

a b 
+1 0 -1 

1300 ---------------- 1300 
0 0 

T, °C 

~, 0 0 . '1 ,,.,,,,,.,.e--:r- o _,. ---.-- --:::--.,....._?o 
1200 - • - • ·• ---- - ! I I • D -, 

--- -- :::,-r---'·•·· .. ·'· 
1100 - I I I • 

1200 

1100 
(15065) (15495) (15076) 

{15058) (15499) (SYN QNB) T, °C 

1000 ----------------- 1000 

o - LIQUID 
e - LIQUID + OLIVINE 900 
• - LIQUID + OLIVINE + PYROXENE 

- LIQUID + PYROXENE 
- LIQUID + PYROXENE + PLAGIOCLASE 

800 
+1 0 -1 

d log f02 
Fig. 1. Summary of experimental conditions: (a) Silicate phase relations of quartz-
normative basalts compared to synthetic analog. Schematically drawn after Humphries 
et al. (1972) and Longhi et al. (1972) and compared to those of our analog (QNB). (b) 
Summary of /02 conditions, plotted as differences in log /02 relative to the IW buffer 
curve. Unshaded area encloses the range of our conditions. The hachured area encloses 

the condition determined by Sato et al. (1973) for lunar rocks. 
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552 G. LOFGREN et al. 

was maintained. The actual behavior of f 0i as a function of T varied between and within runs. The 
"envelope" formed by the f o-i-T values of our experiments (Fig. 1), however, compares favorably with 
the envelope of values determined by Sato et al. (1973) for lunar basalts. The f o2 variation within runs 
may be attributed to reaction kinetics (Heubner, personal communication). The experimental 
conditions are near iron saturation and the mineral compositions and phase relations are very sensitive 
to the oxygen fugacity (Biggar et al., 1974). Hence because of /02 variations, our experimental results 
must be interpreted carefully, particularily with respect to the opaque minerals and Fe/Mg ratio of 
silicates. 

TEXTURE AND CRYSTAL MORPHOLOGY 

The grain size and morphology of the individual crystals and the textures of 
the experimentally crystallized charges vary systematically as a function of 
cooling rate (Table 3, Fig. 2). At cooling rates greater than 100°C/hr the textures 
are aphanitic, between 30 and 100°C/hr they are microcrystalline, and at rates less 
than 30°C/hr the textures are phanerocrystalline. All charges have residual glass; 
the amount depends on the final run temperature and cooling rate. At 1260°C/hr 
olivine dendrites were the only crystalline products and at 430°C/hr pyroxene 
joined olivine, forming an array of complex dendrites with a few acicular 
skeletons, principally of olivine (Figs. 2a and 3a). Groups of parallel olivine 
crystals, the:tt appear distinct but have common extinction, resemble barred olivine 
in chondrules (Figs. 2b and 3b ). At 220 and 115°C/hr the dendrites are larger and 
both olivine and pyroxene are present as acicular skeletons. The olivines are 
composed of H-shaped units, as viewed along the a crystallographic axis, stacked 
parallel to the c axis ( chain-link morphology) (Fig. 3c ). 

A porphyritic texture is first apparent at 60°C/hr. Elongate skeletal pyroxene 
and olivine crystals are set in a fine-grained groundmass of fan spherulitic 
pyroxene commonly intergrown with acicular plagioclase (Figs. 2c and 3d). With 

Table 2b. Cooling rate runs. 

Start Finish Cooling rate 

Run No. T(°C) log f o 2 T(°C) log /02 (°C/hr) 

L-27 1280 -11.8 1053 -14.9 1260 
L-21 1250 -11.8 1050 -14.3 430 
L-20 1255 -11.9 1050 -14.0 220 
L-19 1260 -11.8 1050 -13.7 115 
L-22 1240 -12.0 1050 -13.4 60 
L-23 1250 -11.9 1050 -13.3 30 
L-39 1250 -11.9 1085* -14.0 20 
L-29 1245 -12.0 1020 -14.7 10 
L-33 1242 -12.0 1042 -14.3 5 
L-24 1250 -11.8 1130 -13.3 4.0 
L-28 1245 -12.0 1023 -14.8 2.5 
L-31 1245 -12.0 1042 -14.0 1.2 

*Estimated. 
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Table 3. Crystal morphology summarized as a function of cooling rate. 

Olivine 

dendrites with 1 Y, 2Y 
2Y, and 4Y branching 

l 
coarser dendrites with 
less complex branch-
ing (Figs. 2a, 3a) 

l 
thinly tabular parallel 
growth (Figs. 2a, 3b) 

l 
acicular skeletons 
(Figs. 2b, 3c) 

l elongate to sube-
quant skeletons 
(Fig. 3d) 

subequant skeletons 

none 

Pyroxene 
Phenocryst Groundmass 

none 

l 
acicular skeletons with internal dendritic 
structure and complex dendrites with 1 Y, 
2Y, and 3Y branches, some of which are 
curved (Figs. 2a, 2b, 3c) 

___ I~ 
elongate skeletons 
more complete and 
larger than above 
(Figs. 2c, 3d) 

elongate to sube-
quant skeletons 
(Fig. 2d)l 

subequant euhedral 
to subhedral crystals 
with a central cavity 
(Figs. 2e, 2f, 3e) 

fan spherulites pre-
ferentially nucleated 
at phenocryst margins 

(Figs. 2c, r 
fan spherulites that 
coarsens with decreas-
ing cooling rate and 
rare small subequant 
crystals (Fig. 2d) 

subequant to equant 
crystals with few 
coarse, open fan 
spherulites (Figs. 2e, 
2f, 3e, 3f, 3g) 

Plagioclase 

None 

acicular, intergrown 
with fan spherulites 
of pyroxene; few 
larger crystals near 
phenocryst margins 
(Figs. 2c, 3d) 

l 
acicular, intergrown 
with fan spherulites 
of pyroxene; skeletal 
laths increasingly 
common with de-
creasing cooling rate 
(Fig. 2d) 

1 
skeletal laths and few 
acicular crystals 
in pyroxene fan 
spherulites (Figs. 2e, 
2f, 3e, 3f, 3g) 

Opaques 

dendrites 

subequant euhedral 

chronrite j 
subequant subhedral 
chromite mantled by 

ulv0spine1 

subequant subhedral 
chromite mantled by 
ulvospinel and 
feathery ilienite 

equant subhedral 
chromite mantled by 
ulvospinel: euhedral 
ulvospinel; and 
blocky ilmenite 
(Figs. 3h, 3i) 

further reduction in cooling rate (20-5°C/hr) there is a systematic increase in the 
crystal size of both the pyroxene phenocrysts (olivine becomes increasingly rare) 
and the groundmass of plagioclase and fan spherulitic pyroxene (Fig. 2d). Equant 
groundmass pyroxene and plagioclase become increasingly common, especially at 
5°C/hr. Subequant pyroxene phenocrysts set in a subophitic groundmass of 
subequant pyroxene and plagioclase and rare coarse fan spherulites of pyroxene 
(Fig. 3f) are the crystalline products grown at 2.5 and l.2°C/hr (Figs. 2e and 2f). 
The porphyritic texture is most marked in the range 20-30°C/hr. At the slowest 
cooling rate studied (l.2°C/hr), the groundmass-phenocryst size disparity has 
decreased significantly. 

The skeletal cores of the pyroxene phenocrysts commonly are occupied by 
plagioclase, uncrystallized melt, and/or an opaque phase (Figs. 3e and 3g). The 
plagioclase grew within the melt enclosed by the phenocryst and was not included 
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Fig. 2. Photomicrographs showing the textures of run products arranged in decreasing 
cooling rate: The bar is½ mm: (a) L-21, 430°C/hr. (b) L-19, 115°C/hr. (c) L-23, 30°C/hr. (d) 

L-29, 10°C/hr. (e) L-28, 2.5°C/hr. (f) L-31, l.2°C/hr. 
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Experimentally reproduced textures and mineral chemistry 555 

as a preexisting phase. In addition to occupying pyroxene cores, plagioclase 
commonly nucleates on the margins of pyroxene phenocrysts and is subsequently 
partially enclosed by further pyroxene growth (Figs. 3e and 3g). In the 10°C/hr 
run, the plagioclase is commonly acicular and elongated perpendicular to the 
pyroxene crystal face. At slower cooling rates, the plagioclase crystals become 
more tabular, but still nucleate preferentially at the margin of pyroxene phenoc-
rysts (Figs. 3e and 3g). 

The fan spherulites of pyroxene also have a tendency to nucleate at pheno-
cryst margins, but not nearly so strong as plagioclase. The spherulite itself is a 
bundle of pyroxene fibers that radiate in a fan from a single point. The diameter of 
the pyroxene fibers in these bundles become progressively larger at the slower 
cooling rates and the overall fan spherulite becomes larger. Acicular plagioclase 
commonly occurs between the fibers of the pyroxene spherulite. The plagioclase 
does not form spherulites. 

MINERAL CHEMISTRY 

Olivine 
Olivine is present in all isothermal runs except 1188°C and all runs with a 

cooling rate greater than and including the 5°C/hr except at 10°C/hr. There was no 
evidence of resorption of olivine. The olivines are generally homogeneous in both 
the isothermal and cooling rate runs. Only at 30°C/hr did the olivine show normal 
zoning (Fig. 4b ). The Fe content of the olivine increased with supercooling in the 
isothermal runs (Fig. 4c) and with cooling rate (Table 4, Fig. 4b). Both chromium 
and calcium are abundant as minor elements (Table 5). 

Pyroxene 
Pyroxene is present in all~isothermal and cooling rate runs except at 1260°C/hr. 

The pyroxenes in the isothermal runs are pigeonites, even in the run at 1130° 
which also contains plagioclase. The greater the supercooling at which the crystals 
grew, the more Ca-Fe-Al-Ti-rich and Mg-Si-poor are the compositions (Table 6). 
With increasing supercooling, these pigeonites depart progressively further from a 
1 : 4 Ti: Al ratio (Fig. 5a) and contain more A 1 vi (Fig. 6b ). In all isothermal runs 
except 1204, the pigeonites were unzoned (Fig. 4c). 

Pyroxene phenocrysts in cooling rate experiments are continuously zoned 
from pigeonite cores to augite or ferroaugite rims (Fig. 4). The composition of the 
core pigeonite and the location of the zoning trend in the pyroxene quadrilateral 
are functions of cooling rate and oxygen fugacity. Ignoring the 4 and 2.5°C/hr 
runs, the faster the cooling rate, the less magnesian the core pigeonite and the 
more Fe-rich the pyroxene trend (Fig. 4). At cooling rates greater than 10°C/hr 
trends overlap, suggesting that a limit exists for the Fe enrichment of the 
phenocrysts. The locations of the pyroxene trends for the 4 and 2.5°C/hr runs are 
anomalous. Pyroxenes in the 4°C/hr run have a higher Mg/Mg+ Fe ratio than 
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En ----"-------....1,,.K;i.-......i..........x..-...i.........M..--~ ... _________ 1_2_0_4_•-•-•~ Fs 
Fo Fa 

Fig. 4. Summary of pyroxene and olivine compositional data (mole percent). In Figs. (a) 
and (b) circles are phenocryst analyses, triangles are groundmass, and the unfilled arrow 
shows pyroxene phenocryst compositions in 5-30°C/hr runs: (a) The two phenocryst 
trends established in the l .2°C/hr run. Solid and open circles ref er to two different probe 
traverses on one crystal. (b) Phenocryst composition trend in 2.5°C/hr run and olivine 
compositions in 5, 20, and 30°C/hr runs on the Fo-Fa join. (c) Phenocryst compositions 
in 4°C/hr run and four isothermal supercooling runs. Olivine compositions are also 

shown for the isothermal runs. 

Fig. 3. Photomicrographs of crystal morphologies: (a) L-21, dendritic and acicular 
olivine. (b) L-21, barred olivine dendrite-the parallel crystal segments are part of a 
single olivine dendrite. (c) L-19, olivine and pyroxene morphology-the olivine has a 
chain-link appearance and the pyroxene has cross-hachured internal structure. (d) L-23, 
skeletal olivine (smaller crystal) and pyroxene grown at 30°C/hr. (e) L-28, subequant 
pyroxene with pigeonite core augite mantle; plagioclase has preferentially nucleated at 
the crystal boundary. (f) L-28, skeletal plagioclase laths, subequant pyroxene pheno-
crysts, and fan spherulitic groundmass pyroxene. (g) L-31, equant pyroxene phenocryst 
having a pigeonite core and an augite rim; sector zoning is developed. (h) L-31, chromite 
mantled by overgrowths of ulvospinel. (i) L-31, chromite (dark gray), ulvospinel (medium 

gray), and ilmenite (light gray) assemblage enclosing Fe blebs. 
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Table 4. Summary of silicate phase compositions. 

Cooling rate Crystallization Plagioclase Olivine Pyroxene 
Run °C/hr Temperature °C An Ab Or Fo Wo En Fs 

36 isothermal 1204 n 68.3 4.5 75.2 20.3 
6.7 68.2 25.1 

25 isothermal 1188 n n 6.0 67.9 26.1 
26 isothermal 1160 n 66.0 8.8 62.2 29.0 
37 isothermal 1130 97.2 2.7 0.2 60.4 12.3 56.5 31.2 
31 1.2 96.1 3.9 0.0 n 4.5 71.5 24.0 

92.9 6.5 0.6 31.5 28.5 40.5 
28 2.5 97.5 2.3 0.3 n 4.7 74.1 21.3 

96.1 3.3 0.6 21.9 31.6 46.5 
24 4 94.9 4.9 0.2 n 4.5 76.2 19.3 

37.9 46.5 15.6 
33 5 96.1 3.7 0.2 69.1 7.4 65.8 26.7 

31.8 44.5 23.6 
29 10 96.3 3.4 0.3 n 6.0 67.9 26.2 

36.4 28.1 35.6 
39 20 n? 71.4 5.7 69.6 24.7 

27.0 47.9 25.2 
23 30 not analyzed 65.8 9.5 61.8 28.8 

54.0 33.5 40.4 26.1 

n = none. 

Table 5. Olivine analyses. 

Run 36 26 37 33 38 23 23 
Temperature or 30°C/hr 30°C/hr 

cooling rate 1204°c l l60°C 1130°c 5°C/hr 20°C/hr Core Rim 

SiO2 37.11 36.98 35.87 37.08 37.55 36.20 36.24 
TiO2 0.04 n.d. 0.09 0.06 0.16 n.d. n.d. 
Cr2O3 0.07 0.25 0.23 0.26 0.40 0.21 0.29 
FeO 28.85 29.94 34.66 27.92 26.01 30.20 38.39 
MnO 0.30 0.30 0.33 0.30 0.45 0.38 0.39 
MgO 34.90 32.44 29.62 35.09 36.41 32.71 25.52 
CaO 0.42 0.41 0.49 0.38 0.12 0.36 0.58 

Total 101.69 100.32 101.29 101.09 101.10 100.06 101.41 

Si 0.982 0.997 0.982 0.983 0.990 0.983 1.007 
Ti 0.001 0.002 0.001 0.003 
Cr 0.001 0.005 0.005 0.005 0.008 0.005 0.006 
Fe 0.638 0.675 0.794 0.619 0.566 0.686 0.892 
Mn 0.007 0.007 0.008 0.007 0.010 0.009 0.009 
Mg 1.376 1.304 1.209 1.387 1.412 1.323 1.057 
Ca 0.012 0.012 0.014 0.011 0.010 0.010 0.Q17 
Fo mole% 68.3 66.0 60.4 69.1 71.4 65.8 54 

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

http://adsabs.harvard.edu/abs/1974LPSC....5..549L


1974LPSC....5..549L

@ 
r 
= = 
= Q.. 

Table 6. Pyroxene analyses. - tt:I = (0 Run 36 25 26 37 31 31 31 28 28 28 24 24 33 33 29 29 30 30 23 23 ,:, 
'"""" Temperature or 1.2°C/hr 1.2°C/hr l.2°C/hr 2.5°C/hr 2.5°C/hr 2.5°C/hr 4°C/hr 4°C/hr 5°C/hr 5°C/hr 10°C/hr t0°C/hr 20°C/hr 20°C/hr 30°C/hr 30°C/hr 0 

::i. 
cooling rate 1204°c 1188°C ll60°C 1130°c Core Rim Gm Core Rim Gm Core Rim Core Rim Core Rim Core Rim Core Rim 3 

0 

= ::s 
r.l). SiO2 54.69 52.83 51.77 51.34 53.20 46.21 50.08 53.00 48.34 47.21 54.29 49.15 51.% 49.33 51.65 48.96 53.18 48.57 50.08 47.93 f""+-

'"""" a ..... TiO2 0.31 0.46 0.48 0.65 0.40 1.89 1.08 0.36 1.62 2.03 0.41 1.55 0.58 0.81 0.58 1.36 0.47 1.59 0.67 2.18 
'"""" '< = Al2O3 0.95 2.15 2.52 2.81 2.54 4.36 2.37 1.71 5.60 2.61 1.73 5.00 3.49 4.92 3.89 6.92 2.26 6.42 4.15 6.26 
'"""" '"'1 
(0 Cr2O3 0.76 0.% 0.92 1.07 0.78 0.27 0.65 0.94 1.33 0.48 1.01 1.58 0.90 1.06 1.15 1.19 1.13 1.25 1.17 0.97 0 

• FeO 13.54 16.27 18.02 18.21 14.86 23.67 18.76 14.14 11.71 26.63 12.64 9.15 16.29 13.87 16.00 14.31 15.54 14.63 17.26 14.66 
,:, 
'"'1 

MnO 0.28 0.30 0.32 0.31 0.43 0.64 0.40 0.31 0.27 0.41 0.31 0.29 0.49 0.52 0.47 0.40 0.27 0.29 0.33 0.32 0 

MgO 27.89 24.40 22.16 19.92 25.61 10.03 12.66 26.52 14.87 8.01 27.52 15.27 22.86 15.01 23.60 13.84 24.76 15.99 21.32 13.17 i= 
0 n 
< CaO 2.37 2.76 4.05 5.76 2.24 13.03 14.95 2.55 15.90 12.38 2.33 17.34 3.56 14.61 2.86 12.23 2.82 12.27 4.46 14.69 0 ..... 

Na2O 0.01 0.00 0.00 0.00 0.12 0.14 0.02 0.00 0.01 0.01 0.02 0.05 0.11 0.11 0.11 0.11 0.00 0.02 0.00 0.02 Q.. 
(0 f""+-

Q.. 0 

-a" Total 100.80 100.13 100.24 100.07 100.18 100.41 100.97 99.53 99.65 99.77 100.26 99.38 100.24 100.24 100.26 99.32 100.43 101.03 99.44 100.20 f""+-
(:: 
'"'1 

'"""" Si 1.952 1.927 1.911 1.910 1.924 1.816 1.906 1.927 1.815 1.882 1.941 1.836 1.900 1.850 1.883 1.836 1.927 1.801 1.864 1.806 =-(0 Al IV 0.040 0.073 0.089 0.090 0.076 0.184 0.094 0.073 0.185 0.118 0.059 0.164 0.100 0.150 0.117 0.164 0.073 0.199 0.136 0.194 

z Al VI - 0.019 0.021 0.033 0.032 0.018 0.012 0.063 0.005 0.014 0.056 0.051 0.168 0.050 0.142 0.023 0.081 0.046 0.084 ::s 

> Ti 0.008 0.013 0.013 0.ot8 0.ott 0.056 0.oJl 0.010 0.046 0.061 0.011 0.044 0.016 0.023 0.016 0.039 0.013 0.044 0.019 0.062 3 
00 Cr 0.021 0.028 0.027 0.032 0.022 0.008 0.020 0.027 0.040 0.ot5 0.028 0.047 0.026 0.032 0.033 0.035 0.032 0.037 0.034 0.029 s· > Fe 0.404 0.496 0.556 0.567 0.450 0.778 0.597 0.430 0.368 0.888 0.378 0.286 0.498 0.435 0.488 0.449 0.471 0.454 0.537 0.462 

> 0.014 0.009 0.017 0.013 0.008 0.010 0.010 
'"'1 

Mn 0.009 0.009 0.010 0.010 0.013 0.021 0.013 0.010 0.009 0.009 0.ot5 0.015 0.009 a 
r.l). 

'"""" 
Mg 1.484 1.327 1.219 1.105 1.381 0.588 0.718 1.437 0.832 0.476 1.467 0.850 1.246 0.839 1.283 0.774 1.338 0.884 1.183 0.739 n 
Ca 0.091 0.108 0.160 0.229 0.087 0.549 0.610 0.099 0.640 0.529 0.089 0.694 0.140 0.587 0.112 0.491 0.109 0.487 0.178 0.593 ::::r 0 0 
Na 0.001 0.000 0.000 0.000 0.008 0.011 0.001 0.000 0.001 0.001 0.001 0.003 0.008 0.008 0.008 0.008 0.000 0.001 0.000 0.001 §. =-
Fe+Mn 20.8 26.0 29.1 30.2 23.9 41.3 31.5 22.3 20.4 47.3 19.9 16.0 27.0 24.1 26.5 26.8 24.9 25.2 28.7 26.2 

r.l). f""+-..... 
Mg 74.6 68.4 62.7 57.8 71.5 30.4 37.0 24.9 75.5 46.2 65.6 44.7 67.6 44.8 69.5 48.2 62.0 40.9 

'"'1 
n 72.7 45.0 "< 
r.l). 

Ca 4.6 5.6 8.2 12.0 4.6 28.3 31.5 5.0 34.6 27.8 4.6 37.8 7.4 31.2 5.9 28.4 5.7 26.6 9.3 32.9 

'"""" 
00 
r.l). 

'"""" (0 

9 
Vl 
Vl 
\0 
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those in the 2.5°C/hr run, which in turn have a higher ratio than those in the 
l.2°C/hr run. This behavior is attributed to slightly higher oxygen fugacities during 
the 4 and 2.5°C/hr runs. 

Only in the l .2°C/hr run was more than one pyroxene phenocryst trend found 
(Fig. 4a). One trend displays an abrupt Ca increase, changing from pigeonite to 
augite; the other shows abrupt Fe enrichment (cf. rock 12021, Boyd and Smith, 
1971; and rock 15555, Bence and Papike, 1972). 

The most Fe-rich pyroxene analyzed was in the groundmass of the 2.5°C/hr 
run (Table 6, Fig. 4b ). Groundmass crystals are continuously normally zoned from 
CaMg-rich compositions to Fe-rich compositions. These compositions need not 
lie on the trends defined by the phenocryst compositions. See, for example, the 
2.5°C/hr run (Fig. 4b ). 

The compositional trends of the pyroxene phenocryst are slightly concave 
toward the Wo-En join. Hence, fractional crystallization of pyroxene involves 
early Wo and Fs enrichment and En depletion, followed by Wo enrichment at near 
constant En: Fs ratio, then by Di enrichment with Fs depletion, and finally by Fs 
enrichment at the expense of Di (Fig. 4). 

The Ti: Al ratio of pyroxenes in cooling rate experiments is less than 1 : 4 for all 
but a few crystals (Fig. 5). The faster the cooling rate, the larger the Al content at a 
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z 
u., 
C) >- .04 
>< 
0 

"° , .02 
.,: 

V, z 
u., 

.10 

.08 

C> .06 
>->< 
0 "° .04 
' i= 

.02 

0 

1:4 

ISOTHERMAL 
1130°c 

oc 1188 1160oc 

0.1 0.2 

COOLING RATE 1:2 

• 

0.1 0.2 
Al/ 6 OXYGENS 
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a 

0.4 

b 

0.4 

Fig. 5. Ti-Al relations of pyroxenes: (a) Isothermal supercooling runs. (b) Cooling rate 
runs; arrows point toward margin of crystals. 
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Experimentally reproduced textures and mineral chemistry 561 

given Ti content. Trends on the Ti-Al plot for different cooling rates are 
subparallel. Hence, the Ti: Al ratio defined by the trend of pyroxene compositions 
in a single run is independent of cooling rate. The subparallel trends may be due to 
coprecipitation of pyroxene and one or more other phases. In only one run 
(2.5°C/hr) were pyroxenes with a Ti: Al ratio of 1: 2 found and then only in the 
groundmass crystals. Groundmass pyroxenes associated with plagioclase in other 
runs did not have 1 : 2 Ti: Al ratios. 

In a TiCrAlv1 plot (Fig. 6) the isothermal runs define a systematic trend away 
from the Ti-Cr join toward Alv1 as supercooling is increased. Pyroxenes in the 
four isothermal runs form a trend parallel to the fractionation trend of pyroxene 
cores in the 2.5°C/hr run. In the remaining runs, the pyroxenes plot in an area 
closer to the A 1 vi corner of the triangle than pyroxenes from the 1130° run. The 
1.2 and 2.5°C/hr runs show pyroxene trends involving extreme Ti enrichment. 
Pyroxenes in the 2.5°C/hr run therefore have crystallization histories involving 
relative Cr-Ti depletion and Alv1 enrichment, followed by Alv1 depletion accom-
panied by minor Cr depletion and extreme Ti enrichment. The trends shown in 
Fig. 6 are "smoothed." Microprobe traverses across individual pyroxenes form 
irregular loop-the-loop patterns, progressing along the "smoothed" trends. 

Plagioclase 
Plagioclase was present in the 1130°C isothermal run and in runs with cooling 

rates less than 60°C/hr. The plagioclase grown isothermally is homogeneous (An97) 

a 

b 

Ti 

I\ /\ " " 
ISOTHERMAL 

1160 

1130.1188 

Al'21 ___ ____,...__ __ ____.....__ _ ____.....__ _ _____.ll; __ -Jcr 

Fig. 6. Ti-Cr-Alv1 relations of pyroxenes (atomic proportions). Arrows point toward 
margin of crystals. 
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while the plagioclase grown at the various cooling rates is normally zoned in the 
range An91 to An92. A few crystals grown at l .2°C/hr show oscillatory and sector 
zoning. 

These plagioclases are rich in minor elements (Table 7), especially FeO (up to 
1.5%), MgO, MnO, and Ti02, as are many plagioclases in Mare basalts (Crawford, 
1973). All the plagioclase compositions are nonstoichiometric, containing an 
excess of Ca relative to Si (Fig. 7). The plagioclases contain between 11 % and 23% 
excess molecular Cao.sAl Si30s. The degree of departure from stoichiometry is 
comparable to Apollo 12 basalts. It increases with Na content of the plagioclase 
(cf. lunar basaltic plagioclase) but is apparently insensitive to either cooling rate or 
degree of supercooling (Fig. 7). 

Cristobalite 
Highly fractured crystals of cristobalite were found as skeletons and as 

anhedral patches interstitial to pyroxene phenocrysts in the 1.2°C/hr run only. The 
phase contains minor contents of Ti, Fe, Al, Na, and Ca (Table 1). 

Table 7. Plagioclase analyses. 

Run 37 31 31 28 24 33 29 
Temperature or 1130°c l.2°C/hr l.2°C/hr 2.5°C/hr 4°C/hr 5°C/hr l0°C/hr 

cooling rate Core Rim 

SiO2 46.67 45.89 48.50 49.55 49.34 48.60 47.80 
TiO2 0.04 0.09 0.15 n.d. n.d. 0.10 0.07 
Al2O3 34.13 33.45 33.22 31.61 31.33 32.39 32.70 
FeO 0.86 0.79 1.09 0.98 1.09 1.14 1.31 
MnO 0.02 0.06 0.ot n.d. n.d. 0.ot 0.02 
MgO 0.44 0.21 0.26 0.57 0.42 0.41 0.48 
CaO 18.66 18.35 17.41 17.64 17.25 17.63 17.87 
Na2O 0.30 0.44 0.71 0.38 0.49 0.41 0.36 
K2O 0.03 0.ot 0.09 0.02 0.03 0.04 0.04 

Total 101.15 99.29 101.44 100.75 99.95 100.73 100.65 

Si 2.128 2.131 2.198 2.253 2.261 2.215 2.187 
Ti 0.001 0.003 0.005 0.003 0.002 
Al 1.834 1.834 1.772 1.694 1.691 1.740 1.763 
Fe 0.033 0.031 0.041 0.037 0.041 0.043 0.050 
Mn 0.001 0.002 0.000 0.000 0.001 
Mg 0.030 0.014 0.017 0.039 0.028 0.028 0.032 
Ca 0.912 0.915 0.844 0.859 0.848 0.861 0.876 
Na 0.026 0.039 0.063 0.033 0.022 0.036 0.032 
K 0.002 0.000 0.005 0.001 0.001 0.002 0.002 
Or mole% 0.2 0 0.6 0.1 0.1 0.2 0.2 
Ab mole% 2.8 4.1 6.9 3.7 2.5 4.0 3.5 
An mole% 97.0 95.9 92.5 96.2 '97.4 95.8 96.3 

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

http://adsabs.harvard.edu/abs/1974LPSC....5..549L


1
9
7
4
L
P
S
C
.
.
.
.
5
.
.
5
4
9
L Experimentally reproduced textures and mineral chemistry 

Si 

2.3 
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PLAGIOCLASE 
ss// 10024 

0 1.2°c/l\, 
2.5 
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• 1130 ISOTHERMAL 

AFTER CRAWFORD 0973) 

2.0 --------------------
1.0 0.9 0.8 0.7 

Ca 

Fig. 7. Plot of Si and Ca atoms per six oxygen atoms in plagioclase. Dashed line depicts 
perfect stoichiometry. Solid lines illustrate plagioclase compositions in various lunar 

rocks (after Crawford, 1973). 

Residual glasses 

563 

The residual glasses show significant enrichment in Fe and Ti with increasing 
fraction crystallized. This trend is more pronounced at cooling rates less than 
20°C/hr. 

Opaques 

An early Mg-Al-chromite (ChrssPcr11SP2sUv6 average composition in mole 
percent) and iron are ubiquitous in all the runs. Cr-ulvospinel (Uv69Chr1sSp3HC3 
average composition in mole percent) forms as rims around the chromite grains at 
cooling rates less than 30°C/hr (Figs. 3h and 3i). The chromites do not have a 
Cr-ulvospinel rim if they are totally enclosed in a silicate phenocryst. 

The paragenetic sequence of the opaques appears to be Mg-Al-chromite, 
Cr-ulvospinel, and ilmenite (Fig. 3i). Because the temperatures of most of these 
preliminary experiments did not go below temperatures where ilmenite and 
ulvospinel become major opaque phases, their relations are not totally clear. 

ORIGIN OF PORPHYRITIC TEXTURE 

The pyroxene porphyritic texture indicates that during cooling of the QN 
basalt liquids the nucleation density of pyroxene suddenly increased. This 
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increase must be a response to either increased supersaturation or supercooling. 
Bence et al. (1971) suggested that the increase in supercooling reflects a two-stage 
cooling history, the phenocrysts crystallizing during slow cooling with slight 
supercooling in a magma chamber and the groundmass during faster cooling with 
larger supercooling following emplacement of the basalt. Dowty et al. (1974) 
prefer a model involving a continuous cooling rate during which a few pyroxenes 
nucleate and grow until the pyroxene-plagioclase cotectic is reached. Following 
slight supercooling with respect to the cotectic plagioclase is postulated to 
nucleate heterogeneously on pyroxene phenocrysts, blocking off sufficient pyrox-
ene surface area to growth such that the melt supercools with respect to pyroxene. 
They suggest that this supercooling causes accelerated nucleation of pyroxene 
and formation of abundant groundmass crystals. 

Wyllie (1963) stressed the importance of liquidus slope in temperature-
composition space upon rock textures. From examination of simple silicate 
systems he found that when one silicate phase is joined in crystallization by 
another, there is a sharp decrease in the liquidus slope of the system. If such a 
change exists for the quartz normative basalts at the crystallization stage when 
plagioclase joins pyroxene, the supersaturation necessary to promote accelerated 
pyroxene nucleation is a natural consequence.· A possible crystallization model is 
shown in Fig. 8. 

The melt supercools from A to temperature B where nucleation of pyroxene 
occurs at a supersaturation equivalent to the length B-C. As growth of pyroxene 

l 

A 

PYROXENE 
+ 

PLAGIOCLASE 
+ 

LIQUID PATH OF 
FRACTIONATING LIQUID 

LIQUID FRACTION COMPOSITION 

Fig. 8. Schematic temperature--composition plot of quartz-normative basalt equilibrium 
liquidus, and the path of the fractionating liquid during the cooling history. The length of 
horizontal hachures is proportional to the amount of pyroxene supersaturation. The 
vertical distance between the equilibrium liquidus and the actual liquid path is a 

measure of the degree of supercooling. 
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proceeds with further cooling, the liquid follows path B-D (whose location 
depends on cooling rate) and is always supersaturated in pyroxene (Fig. 8). At a 
temperature slightly below D there is a marked increase in supersaturation in 
pyroxene (note increased length of horizontal hachures which are proportional to 
supersaturation) resulting from the change in slope of the equilibrium liquidus. 
This increased supersaturation will change both the crystal growth and 
nucleation rates. The nucleation rate could increase or may even decrease 
depending on the change in the shape of the free energy curves for the phases 
involved. For the QN basalts, nucleation rate must increase significantly to form the 
groundmass pyroxenes. In melts of different composition, the nucleation rate may 
not change as significantly and the resulting texture would be seriate, not 
porphyritic. The plagioclase appears to nucleate at the same time or after the 
groundmass pyroxene. The actual temperature of nucleation of the groundmass 
pyroxene will depend on the cooling rate. The larger the cooling rate of the melt, the 
greater will be the supercooling achieved with respect to temperature D, before 
abundant nucleation of groundmass pyroxene. Increased supercooling will further 
increase the pyroxene supersaturation at nucleation and will be seen as an increase 
in the difference between phenocryst and groundmass crystal size. At rapid cooling 
rates (greater than 60°C/hr in this study) the groundrnass crystals never nucleate. 

This model can be evaluated by determining the difference between the 
equilibrium liquidus of the QN basalt and the liquidus path under the cooling 
conditions in the dynamic system. 

DISCUSSION 

It is possible to reproduce the textures and mineral chemistry of the Apollo 15 
QN basalts in the laboratory by crystallizing a melt of the appropriate composi-
tion. There is a systematic relationship of the textures and crystal morphologies to 
the cooling rate at which the melt crystallized. This systematic relationship allows 
semi-quantitative interpretation of the cooling histories of some natural QN 
basalts. The comparison is most readily made between the natural and synthetic 
pyroxene phenocrysts. The crystal morphologies and zoning trends of the 
pyroxene phenocrysts in rocks 15499 (Bence and Papike, 1972); 15597 (Weigand 
and Hollister, 1973); 15125, 15666, 15682 (Dowty et al., 1974); 15486 (Albee et aL, 
1972) resemble the phenocrysts grown experimentally in the range l.2°C to 
30°C/hr. An estimate of nucleation temperature for the phenocrysts of 15499 can 
be made by comparing the most rnagnesian pigeonite composition in the rock to 
the pyroxene compositions in the isothermal runs; a temperature of 1190 ± l0°C 
appears most reasonable. Hence, 15499 melt supercooled approximately 30°C 
before pyroxene nucleated. 

Although we cannot negate a two-stage cooling history involving intratelluric 
pyroxene phenocrysts, our experiments show that phenocrysts and groundmass 
can be produced at linear cooling rates. It is thus unnecessary to invoke a 
two-stage cooling history to produce the textures of QN basalts. Consequently, 
the basaltic liquids could have erupted free of crystals. 
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When a pyroxene phenocryst in a rock can be matched to the morphology and 
zoning trends of an experimentally grown phenocryst, the groundmass of that 
rock may differ distinctly from the groundmass enclosing the experimentally 
grown phenocryst. This lack of correlation could reflect abrupt or gradual changes 
in the cooling rate; e.g., a continuously decreasing cooling rate, but could also 
result from changes in oxygen fugacity during crystallization or experimental 
difficulties associated with small sample size that are not yet understood. 
Changes in oxygen fugacity can produce changes in melt composition and hence 
supercooling by precipitation of Fe metal or other redox-sensitive phases. For 
example, the fo2 of lunar basalts is very close to the Fe-saturation surf ace (Sato et 
al., 1973), such that a slight decrease in fo2 or the effect of increasing Fe content of 
the melt with progressive fractionation could initiate precipitation of Fe metal. Fe 
precipitation would increase the viscosity, raise the liquidus temperature of the 
residual melt, and promote growth of finer crystalline products at a given cooling 
rate relative to those produced from the same melt which had not precipitated Fe. 
This may explain the differences in groundmass between natural rocks and 
experimental rocks cooling history. 
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