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Na-A1 rich glass from 14 chondrules in unequilibrated ordinary chondrites (UOC) have been analyzed using 
the Na-decay method of [I], which corrects for Na 'loss' during EPMA. Previous analyses of Na-A1 rich chondrules 
[2,3] probably suffered from Na 'loss', as these studies found the NdAl ratio was between CI and albite. The NdAI 
ratios of these chondrules are all very close to albite suggesting that a Na-A1 phase was a major precursor mineral. 
Experiments have been conducted to determine their formation histories. It is suggested that these chondrules formed 
by the flash heating of precursor dustballs rich in moderately volatile elements admixed with various proportions of 
forsteritic olivine. Constraints on the heating event are presented. 

Na 'loss' is a common analytical difficulty during EPMA of Na-rich materials and is attributable to the 
migration of Na atoms out of the activated volume due to an electrical potential gradient [4]. Na 'loss' is 
proportional to beam power and inversely proportional to beam diameter. The Na-decay method consists of blanking 
the beam before analysis and then monitoring the Na Xray counts vs. time. The Na 'loss' is then modelled as an 
exponential decay and the original Na content is estimated from the time-zero intercept of In Na counts vs. time. 
The 14 glasses were analyzed using a 15 KeV accelerating voltage, lOnA beam current, a 10 sec. counting interval, 
and a 10-15 pm beam diameter. 7 of the glasses did not exhibit Na 'loss' with these conditions; the worst case was 
chondrule L1 which lost 0.85% Na2O in the 10 sec. counting interval (Table 1). Chondrule S1 was also analyzed 
under different conditions; a 5nA beam current, focussed beam, as well as a lOnA, focussed beam. The Na loss for 
both of these conditions was more extreme (1.97% relative Na loss for lOnA, 10-15pm beam, compared to 27% for 
IOnA, focussed beam, or 23%-42% for 5nA, focussed beam) suggesting that analyses of Na rich chondrule glasses 
with focussed beams will be severely depleted in Na. An additional problem associated with Na 'loss' is the 'grow in' 
of elements analyzed with the same spectrometer (in this case Si, Al, and Mg). Si and A1 analyses were corrected by 
analyzing the Na 'loss' characteristics of a partially fused Amelia albite crystal (for S1 this led to a correction of 
0.39% for A1203 and 0.34% for Si02). A correction for MgO was not utilized, therefore MgO contents for 
chondrules that exhibited Na 'loss' in Table 1 are too high. Additionally, chondrules S1 and L1 were analyzed with a 
trace element routine and a focussed beam to search for concentration gradients in the glasses. Microprobe traverses 
were done from chondrule rims into the interiors, as well as from large forsteritic olivine grains into the glasses. 
Gradients were not found for FeO, MgO, or CaO. 

The Na-A1 rich chondrule glasses are all compositionally quite similar (table I), being dominated by albite 
and nepheline in the norm (e.g. S1: Alb=46%, Neph=34%, Orth=l 1%, Olv=6%, Diop=l%, Ilm=2%), though the 
modal amount of olivine crystals in the chondrules varies considerably (from glass-rich [3] to barred olivine (table 
1)). This suggests that these chondrules last equilibrated at similar temperatures; in fact if the compositons of the 
glasses are plotted in the forsterite-nepheline-albite phase diagram [5], they all plot near the eutectic (if the orthoclase 
is added to albite). We have conducted experiments to determine if these glasses can be equilibrated with olivine 
during flash heating. 
Experimental method: A starting composition of 52.6% Si02, 0.5% Ti02, 13.7% A1203, 22.1% MgO, 9% Na20, 
and 2.1% K 2 0  was prepared from reagent grade oxides (TL=1515f 15°C). Experiments were run in Pt capsules in air 
in a standard Deltech furnace. Experiments were annealed at 1490°C for 5 minutes (equilibrium is reached in one 
hour) and then cooled at 10O0C/hr or 100O0C/hr to 1050°C and then quenched or annealed for 12 hours. 
Results: 1)149O0C,5min.,quenched: Glasses are homogeneous in normative olivine, but have variable AlISi ratios. 

2) 149O0C,5min.,lOO"C/hr or 1000°C/hr, quenched: Glasses are variable in normative olivine (2.5%-5%) 
and AVSi ratio. 

3) 149O0C,5min, IOO°C/hr or IOOO0C/hr, 12hr anneal: Glasses are homogeneous in normative olivine 
(2.1%) and AlISi ratio. 
Discussion of experiments: Cooling rates of 100nC/hr or 100O0C/hr produce inhomogeneous glasses consistent with 
the results of [4], suggesting that either 1) these chondrules experienced a low temperature annealing, 2) cooling rates 
were less than 10O0C/hr, 3) they have been modified by thermal metamorphism, or 4) the chondrule precursors were 
mainly a mixture of albite, nepheline, and forsterite which was flash heated to melt the albite and nepheline and left 
the forsterite intact as relict grains. Explanations 1) and 2) are consistent with the results of [6] wherein they 
estimated very low cooling rates below 1300°C. Explanation 4) is unreasonable in that some of these chondrules are 
barred olivine, suggesting that they had to be nearly completely molten [7]. How these chondrules were modified by 
thermal metamorphism is not clear. The Mg#'s of the glasses are not in equilibrium with most of the olivines in 
these chondrules. The rims of the chondrule olivines (=2pm thick) may be in equilibrium with these glasses (except 
for Dhajala H3.8) (also see [3]). It has been suggested by [8] that these chondrules should be increasing in CaO 
content with metamorphic grade. Yet, as can be seen in Table 1, these chondrules have very little CaO. The effects 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



458 LPS XXVII 
NA-AL CHONDRULES: Greenwood J.P. et al. 

of thermal metamorphism seem to be minor in these chondrules except for the influx of FeO from the surrounding 
rims and matrix. 
Constraints: If the Na-A1 chondrules were formed by the flash heating of precursor materials rich in refractory and 
moderately volatile elements, admixed with relict olivine and spinel, as suggested by [3], then some constraints can 
be placed on their formation. Previous work on the kinetics of melting and dissolution in the forsterite-albite 
system [9] are an excellent analog for these chondrules, and can help constrain their high temperature history. For 
example, if the forsterite precursors were lOOpm in diameter, they would have to be heated for 10 seconds at 1800°C, 
= 1 minute at 1700°C, and 10 minutes at 1600'C to be completely dissolved. These results combined with the 
above discussion and experiments suggest either a very high peak temperature if the precursor olivine was large or 
small precursor olivines, followed by an unknown cooling rate between the peak temperature and =1 300°C, ending 
with either a low cooling rate (<10O0C/hr) or an anneal. 
REFERENCES: (1) Devine J., et al. (1995) Am. Min., 80, 319. (2) Bischoff A. and Keil K. (1984) GCA, 48, 
693. (3) Krot A. and Rubin A. (1994) Met., 29, 697. (4) Battaglin G. et al. (1982) J. Noncrystall. Sol. 50, 119. (5) 
Shairer J.F. and Yoder H.S. Jr. (1961) Carn. Inst. Yrbk. 141. (6) Weinbruch S. and Muller W.F. (1994) Chondrules 
and the Protoplanetary Disk, LPI 11844, 43. (7) Hewins, R.H. and Connolly H.C. (1994) Chondrules and the 
Protoplanetary Disk, LPI 11844, 11. (8) Bischoff A. (1988) LPSC XIX, 84. (9) Greenwood, J.P. and Hess P.C. 
(1995) LPSCXXVI, 505. 
Table 1. Glasses from Na-A1 rich chondrules and barred olivine chondrules. 
Chondrule s 1 a S B - ~ ~ , *  c l b  ALSc AL2d ALld B B - ~ ~ ? *  
#ofanalyses 6 6 6 11 6 6 6 
Si02 55.67(0.9) 56.02(0.8) 62.43(0.7) 57.82(0.6) 57.48(0.1) 56.36(0.4) 51.40(1 .O) 
Ti02 1.02(0.1) l.Ol(O.1) 0.99(0.1) 0.89(0.1) 0.89(0.1) 2.88(0.1) 1.28(0.1) 
A1203 22.24(1.2) 21.51(0.4) 19.30(0.4) 18.30(1.4) 21.53(0.4) 23.14(0.3) 27.04(0.5) 
Cr203 0.22 0.47(0.1) 0.53(0.1) 0.38(0.1) 0.23 0.29 0.43(0.1) 
FeO 3.44(0.9) 2.81(0.3) 1.48(0.1) 2.66(0.6) 2.92(0.3) 2.25(0.2) 2.00(0.7) 
MnO 0.02 0.02 0.01 0.07 0.01 0.05 0.02 
MgO 1.28(0.9) l.OO(0.5) 0.66(0.1) 4.65(1.0) 2.80(0.4) 0.42 0.69(0.1) 
CaO 0.25(0.2) 0.14 0.07 3.65(1.9) 0.27(0.2) 0.09 0.41 (0.1) 
Na2O 14.50(0.9) 12.97(0.4) 12.94(0.2) 11.93(1.8) 13.51(0.5) 14.74(0.5) 15.89(0.7) 
K20 1.80(1.6) 3.32(0.2) 1.87(0.1) 0.59(1.1) 0.92(0.2) 0.74(0.1) 1.29(0.2) 
Total 100.45 99.25 100.27 100.94 100.61 100.96 100.45 
%Naloss 0.29 0.49 0.75 0.20 ------ ------ ------ 

Mg# 0.4 0.39 0.44 0.75 0.63 0.25 0.38 
NdAl 0.65 0.60 0.67 0.68 0.63 0.64 0.59 
Chondrule D J- 1 f D J - ~ ~  D J - ~ ~  D J - ~ ~  D J B - ~ ~ ~ *  ~ l g  L B - I ~ > *  
#ofanalyses 4 2 3 4 5 6 6 
Si02 59.26(1.1) 60.04(1.8) 53.20(0.8) 60.58(1.2) 61.27(1.1) 53.00(0.3) 57.30(0.3) 
Ti02 0.94(0.1) 0.85 1.28(0.8) 1.05(0.1) 0.87(0.1) 1.59(0.1) l.Ol(O.1) 
A1203 20.78(0.5) 19.78(1.5) 27.07(1.1) 21.72(1.1) 21.13(0.7) 24.74(0.1) 23.90(0.1) 
Cr203 0.05 0.11 0.22(0.1) 0.07 0.61(0.2) 0.17(0.1) 0.37(0.1) 
FeO 1.90(0.4) 1.54(0.1) 0.55(0.5) 0.95(0.1) 1.39(0.4) 2.13(0.4) 1.64(0.2) 
MnO 0.01 0.05 0.01 0.01 0.04 0.02 0.03 
MgO 2.98(1 . l )  2.73(0.2) 0.06 0.58(0.4) 1.31(0.9) 0.09 0.09 
CaO 0.39(0.1) 1.63(0.4) 0.44(0.2) 0.66(0.5) 0.49(0.7) 0.04 0.02 
Na20 12.63(0.6) 12.33(0.6) 15.82(0.75) 13.54(0.8) 13.48(0.9) 14.99(0.3) 13.13(0.5) 
K20 0.95(0.8) 0.22(0.1) 1.40(0.5) 0.28(0.1) 0.17 2.21(0.1) 2.58(0.1) 
Total 99.94 99.29 99.83 99.45 100.77 98.98 100.06 
Rel%Naloss 0.27 ------ ------ ------ 0.32 0.85 ------ 

Mg# 0.74 0.76 0.16 0.52 0.63 0.07 0.09 
NdA1 0.61 0.62 0.58 0.62 0.64 0.61 0.55 
--all analyses 15KeV, lOnA, 10 sec., 10-15pm beam diameter; order of elements: Na, Si, Al, Mg (spec. 1) 
--numbers in parentheses are standard deviation of the analyses; not reported if <0.1 
asharps H3.5; b~hainpur LlLL3.4; CALHA77170 L3.5; dAL~82110 H3.6; eBarrata L3; f~ha ja la  H3.8; 
gLEW85339 L3.6; *~ar red  Olivine 
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