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Effect of thermal metamorphic conditions 
on mineralogy and trace element retention 
in the Allende meteorite 
HEATING carbonaceous chondrite from the Allende meteorite 
in a low pressure environment causes visible mineralogical 
alteration at 700- 1,000° C but not at T :5 600° C. Samples 
heated for 29 d at 500° Close trace elements (Bi, In and Tl) more 
effectively than those similarly heated for 7 d. At J ,000° C with 
~ 10-s atm initial pressure of 0 2, H 2 or He these elements , Ga 
and Se are comparatively more completely lost. 

Chondritic meteorites provide valuable information about the 
condensation and early evolutionary histories of sol id objects in 
the inner Solar System. Primitive chondrites probably reflect to 
some degree the condensa tion process(es) of solid material from 
the gaseous nebula and are particula rly important in these 
respects . We take such chondrites1 as comprising grades 1-4 of 
the accepted chemical-petrologicclass ificatio n 2

• Thesechondri tes 
differ from their congeners of grades 5 and 6 in many respects 
including their higher contents of vola tiles, such as the trace 
elements Bi, In and Tl (refs 3- 10) postulated as cosmother
mometers9-12. These differences could be primary (chiefly 
arising from differences in condensation his tory9·14

) or secondary 
(chiefly arising from thermal alteration of appropriate primitive 
chondritic materia( 15 - 19) _ Both processes probably occurred and 
it is desirable to evaluate the relative importance of each in 
evolving primitive material. 

Until recently there had been no empirica l attempts to deter
mine effects on trace elements of simulated metamorphism 
(artificial annealing) of any primitive chondritic material. In 
carrying out such a study by heating samples of Allende C3 
chondrite at I 00° increments over a reasonable metamorphic 
temperature range (400-1 ,000° C) in a low pressure environment 
(initially~ 10·5 atm H 2) we found substant ial changes1• After I 
week we observed minor loss of Ga and Se and major loss of the 
postulated cosmothermometric trace elements, but no loss of Co. 
This heating time is short compared with geological time; never
theless two-element correlation patterns involving, Bi , In and 
Tl retained in heated Allende samples are similar to those for 
E3-6 chondrites1, indicating possible metamorphic effects in 
enstatite chondrites. 

As there is no consensus9•11. 15 - 19 on ambient meteoritic 
metamorphic environments, quite probably our experiments do 
not duplicate effective conditions in meteoritic parent bodies or 
proto-planets. As a tentative step i_n the ~i_rection of est_ab_lishi~g 
differences in trace element retent10n ansmg from vanat10ns m 
ambient conditions we have conducted similar experiments on 
Allende samples using 0 2 or He rather than H 2 and also exten
ded the heating period using H 2 • These gases were chosen be-

cause of their very different chemical properties and their high 
cosmic abundances. Here we report these results together with a 
mineralogic and petrographic description of the heated samples. 

Each heating run included chips (from a large individual , 
USNM-3643) and aliquots of a single batch of < JOO-mesh 
homogenised powder. We placed samples (350 mg) of powder 
and 2-4 chips (for trace element analysis), a 300 mg chip (for 
mineralogy and petrology) and JOO mg of powder (a reserve 
sample) into separate quartz vials which we sealed on to the 
precleaned heating apparatus1. After evacuation, the system was 
purged with the appropriate gas (H 2, He or 0 2), re-evacuated to~ 
J o-s atm and sealed. The end with the samples was then placed 
into a muffle furn ace prehea ted to 500° or 1,000° C (Table J ). 
Condensable material liberated during heating was collected in a 
trap cooled with liquid nitrogen; the ambient gas pressure (as 
monitored wi th an ion gauge) jumped to ~ I torr immedia tely 
on insertion of the apparatus into the muffle furn ace but within 
6-J 7 h the pressure reached a value which remained constant 
throughout the remainder of the run . After seven or 29 d we 
removed the sample assembly, quenched the vials in H 20 and 
sealed them off. 

Fig. I Reflected light photomicrograph of Allende meteorite 
heated at 1,000° C, init ially in H 2 atmosphere. M~talhc iron 
particles rich in nickel are evident in matrix (Ma) and m fractures 
in the large olivine (0 1) crystal. Samples heated at 1,000° C, 
initially in He or 0 2 atmosphere, seem essentially identical, 
implying insufficient 0 2 to oxidise much of the metal formed by 

sulphide decomposition. 

Table I Trace element contents of unheated and heated Allende samples 

Heating 
temperature 
(0 C) 

unheated 
500 

500 

1,000 

1,000 

1,000 

Heating 
time 
(d) 

7 

29 

7 

7 

7 

Ambient atmosphere 
Initial Initial Final 

gas pressure pressure 
(mtorr) (mtorr) 

H 2 30 175 

He 

20 

5 

5 

36 

320 

240 

200 

Sample 
form* 

powder 
powder 
chips 
powder 
chips 
powder 
chips 
powder 
chips 
powder 
chips 

Trace element contents 
Co 

(p.p.m.) 
Ga 

(p.p.m.) 
Se Bi Tl ln 

(p.p.m.) (10- 3 p.p.m.) (to· 3 p.p.m.) (I0· 3 p.p.m.) 

612 ± JOt 6.27 ± 0.30t 9.34 ± 0.16t 49.0 ± 0.7t 
642t - 9.2t 30.2t 
650t 9.2t 35.7t 
630 6.3 9.5 20.6 
629 6.2 9.6 25.5 
624t 5.7t 7.9t 6.13t 
602t 5.9t 8. tt 7.66t 
615 6.2 9.2 49 .5 
620 6.3 9.4 
630 4.8 5.1 10.3 
651 6.1 9.6 26.7 

59.6 ± 
23t 
34t 
II 
14 
4.3t 
6.Jt 

13.8 
28.4 
2.3 
2.4 

2.2t 35 .6 ± I .0t 
37.3t 
37.9t 
30.4 
31.6 
3.67t 
4.15t 
6.49 

14.1 
:5 4.7 

6.10 

* Powder samples were aliquots of a single homogenised batch ; chips were taken from a la_rge individual. . . 
t Mean values of five determinations. Uncertainties listed are one estimated standard deviation from the mean calculated from the dispersion 

of the individual measurements' . 
t Data reported elsewhere' . 



Heated samples for mineralogy and petrology and an un
heated sample were prepared as polished thin sections and 
examined under transmitted light and reflected light. In addition, 
compositions of the mineral phases in several of the sections 
were determined by electron microprobe. We irradiated sam
ples for trace element analysis in the Argonne CP-5 reactor for 
1 week and processed them to separate Bi, Co, Ga, In, Se and Tl 
which were counted as described elsewhere1. R. N. Clayton 
determined the 180 /160 ratios in many of our reserve powder 
samples and concluded that these have not been altered 
measurably by our heat treatment. 

The samples studied, their oxygen content (in weight per cent) 
and the 8180 (SM0W) (per mille) are: unheated (35.1) 1.1; 
another Allende whole rock sample (36.0) 1.5; 500° C (H 2) 29 d 
(34.6) 1.4; 600° C (H2)7d (34.5) 1.4; 900° C (H2) 7 d (34.0) 1.2; 
l ,000° C (H 2) 7 d (34.6) 1.2; 1,000° C (0 2) 7 d (34.1) 1.5; 
1,000° C (He) 7 d (34.6) 1.4. 

Using transmitted light we observed no visible recrystallisa
tion effects for the transparent minerals in any of the heated 
samples. In all cases we found sharp crystal boundaries and well 
preserved textures identical to those in unheated samples. We 
also tried to observe effects resulting from Fe2+ diffusion within 
and between olivine and pyroxene grains. Because of the small 
sizes of the heated samples ( ~ 3-4 mm) and the variability of 
the Allende samples in general , we could obtain no meaningful 
data for parameters such as mean iron content or percentage 
mean deviations (see refs 18, 19). Qualitatively, however, there 
was no indication of olivine or pyroxene compositions be
coming more homogeneous-primary zoning was present and 
seemingly unaltered even for the 1,000° C run. In addition, we 
looked for and did not find evidence of Fe2+ diffusion into 
Fe-deficient olivine (Fa < 1- 2) as a result of our heating 
experiments. In particular, where Fe-deficient interiors of 
broken, zoned olivine crystals were adjacent to Fe-rich matrix 
there was no evidence of a diffusion profile of Fe2+ into the 
olivine. 

In reflected light the unheated sample and those heated to 
400°-600° C were essentially identical; but samples heated at 
700°- 1,000° C were markedly different. In those samples we 
observed no sulphide, originally present mainly as pentlandite
(Fe,Ni)9S 8-and as troilite-FeS (ref. 20). Instead we observed 
disseminated metal. This metal is particularly well developed in 
the samples heated at 900° C and 1,000° C (irrespective of 
original ambient atmosphere all three 1,000° C samples seem 
identical after heating), occurring both disseminated throughout 
the matrix and along fractures in larger silicate crystals (Fig. 1). 
Microprobe analyses of the olivine (Fa ~ 8) adjacent to metal
containing fractures in the grain shown in Fig. l showed no 
decrease in Fe 2+ content toward the fracture, indicating that the 
metal did not form locally by reduction of Fe2+ from the 
adjacent silicate. Instead , the metal apparently migrated in
wards either by surface diffusion or vapour transport. The 
metal itself, in both matrix or fractures, contains 25- 30 % Ni, 
appropriate for derivation by decomposition of the sulphides. 
(If the metal in the fractures had formed by reduction of Fe2+ in 
the silicate, it should be Ni-deficient since the Ni2+/Fe2+ ratio 
in meteoritic olivine and pyroxene is typically very low.) 

Not surprisingly, the absence of discernable sulphides in 
samples heated at 700° C and above corresponds to the presence 
of off-white solid ma terial (in the cold traps of these runs) which 
in one case at least was identified mass-spectrometrically 
(by M. Gay) as S8. Thus, between 600° C and 700° C, for the 
conditions prevailing in our experiments, sulphides in Allende 
samples seem to decompose ultimately to metal and sulphur. 
These are not the products expected by heating pentlandite 
or troilite in equil ibrium with vapour at these temperatures 21, 
but our system is open to loss of sulphur or volatile compounds 
of sulphur. This raises some question as to the applicability of 
our results to possible metamorphic models for primitive 
bodies since even the most recrystallised chondrites (such as 
Type 6) contain abundant troilite or other sulphides. But 

experiments in progress on enstatite chondri tes show that some 
sulphides can be stable to higher temperatures ( ~ 900° C) and 
that trace element losses sti ll occur at lower temperatures. This 
provides additional support for the idea that decom position of 
sulphides is not prerequisite to the effects observed in samples 
from the Allende meteorite. 

The absence of observable Fe2+ diffusion in any samples 
indicates that the diffusion rate fo r ferro us iron in olivine and 
pyroxene at the temperatures of our experiments is too slow to 
be observable over periods as short as a week. But this does not 
preclude Fe2+ diffusion being the principal mechanism by 
which uniform olivine and pyroxene composit ions are produced 
in equilibrated ordinary chondri tes18·19 si nce presumably much 
longer times were available. 

Since the fractional loss of trace elements in Allende samples 
seems to depend on kinetics ra ther than thermodynamics1 we 
were not surprised that Bi, In and Tl are lost to a greater extent 
from Allende samples heated for 29 d than from corresponding 
samples heated for 7 d at 500° C (Table 1). Relative to un
heated material, In is not lost in I week but is lost to a minor 
extent by more extended heating at 500° C; Co Ga and Se 
seem unaffected even in 29 d (Table I). 

The nature of the gas initially present in the heating apparatus 
markedly influences trace element retentivi ty at 1,000° C (Table 
l). Relative to corresponding samples heated initially in H 2, 
samples heated initially in 0 2 retain the five mobile elements to a 
greater extent while those heated initially in He lose most of 
them more readily-Bi is exceptional in that it is somewhat 
better retained in He than in H2. Selenium and, more surprising
ly, Bi are quantitatively retained in the 0 2 case; in the He 
case we could establish only a conservative upper limit fo r In. 
In each case the ambient atmosphere was present at nanomolar 
levels, negligible compared with the amount of sample present. 
So it seems unlikely that differences in retentivity of the trace 
elements can be due to their forming or faili ng to form volati le 
chemical compounds with the gas. (Indeed, as noted, irrespective 
of the original atmosphere the mineralogy of the three l ,000° C 
samples seem identical. In particular, disseminated metal 
formed in all three cases indicating that the internal atmosphere 
could not have been extensively oxidising.) It seems more likely 
that both 0 2 and H 2 were adsorbed on to the samples, retarding 
loss of the mobile elements to a greater or lesser extent. Helium 
would not be troublesome in this regard and indeed loss of 
trace elements is generally greater using this gas. 

To the extent that Allende meteorite can be used as a model 
for other primitive materials our results have several implica
tions relative to retention of mobile trace elements during 
metamorphism in primitive parent bodies. As suspected1-1s-19 

such elements can be lost by diffusion even before their host 
mineral(s) undergo(es) chemical or phase change. Since the 
duration of our experiments is short compared with geological 
time, our results can provide only a lower limit to the loss of 
mobile elements in an open system in the 'real world.' But the 
results clearly indicate that kinetics rather than equilibrium 
could play a major role in determining trace element distribution 
in equilibrated or partially equil ibrated chondri tes1. F ur ther, 
primitive meteorites differ in the amount and kind of gases or 
readily volatile major components they conta in. Trace element 
retentivity also is clearly influenced by ambient atmosphere and 
specific regions in primitive parent bodies could conceivably be 
gas tight. Future experiments should allow for th is poss ibility at 
well as systems completely open to gas loss. Furthermore, it 
seems necessary to conduct addi tional experiments (which are 
planned) for studying re tentivi ty as a functi on of gas fugacity. 
Finally, in the event that material from other solar system ob
jects is thermally sterilised before return to earth 22 it will be 
necessary to choose ambient temperature and atmospheric 
conditions carefully so as no t to degrade the sample un
necessarily. By that time we will have considerably more in
formation on the response of other sorts of primitive material to 
thermal alteration. 



Microprobe analyses were carried out with the MAC 500 at 
Purdue, courtesy of H. 0. Meyer. 
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