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Thermal metamorphism of primitive meteorites—X.
Additional trace elements in Allende (C3V) heated to 1400°C
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Abstract—We report data for Ag, As, Cd, Cs, Co, Cu, Rb, Sb, Te, Tt and Zn in Allende samples
subjected to week-long heating at 400-1400°C in a low-pressure H, environment. Temperatures of
incipient release for these 11 and 5 additional elements tend to be ordered in a manner similar to
postulated condensation sequences during cooling of nebular material but there are differences. Losses
progress with temperature but neither the extent of loss nor apparent activation energies for mobiliza-
tion would have been predictable to even a zeroth order approximation. Elemental retentivity trends
and interelement correlation patterns for Allende (C3V) and Murchison (C2) differ markedly indicating a
substantially different trace element siting, hence loss trends for these two chondrites.

INTRODUCTION

TRACE ELEMENT retentivities in primitive chondrites
—i.e. those with compositions primarily reflecting
nebular processes—artificially heated for 1 week at
low pressures (initially ~107°atm H,) illuminate
thermal episodes in meteoritic parent bodies. Initially,
six elements (Bi, Co, Ga, In, Se, Tl) were surveyed in
Allende (C3V) samples heated at 100°C increments
from 400-1000°C; subsequently, these and 5 other
elements (Ag, Cd, Cs, Te and Zn) were determined
in similarly-heated Abee (E4), Krymka (L3), Tieschitz
(H3) and Murchison (C2) (IxkaMUDDIN and Lip-
SCHUTZ, 1975; IKRAMUDDIN et al, 1976, 1977a,b;
MaTzAa and LipscHutz, 1977—hereafter denoted
Papers I-V, respectively). In each case, all elements
but Co are progressively mobilized, i.e. volatilized and
lost, over a broad temperature range. Although differ-
ences betweeen specific meteorites occur; e.g. in gen-
eral retentivity or trends of particular elements—trace
element mobilization patterns for these mineralogi-
cally and chemically diverse meteorites are surpris-
ingly similar. These trends may yieid siting informa-
tion (ALAERTS and ANDERS, 1979) although it seems
more likely they reflect specific loss mechanisms
(BART et al., 1980—hereafter Paper IV). Comparison
of trace element trends in artificially heated primitive
chondrites and more evolved congeners (e.g. cf. refer-
ences in BINZ et al., 1974, 1976; Papers 1-V) suggests
that enstatite chondrites and achondrites compo-
sitionally reflect open-system metamorphic loss and
subsequent partial melting (cf. Biswas et al., in prep-
aration). Ordinary and most carbonaceous chondrites
seem to have escaped open-system metamorphism,
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except that L-group chondrites contain hints of trace
element loss during extended cooling of shock-heated
material (Paper VII; NEAL et al., in preparation).

While comparison of retentivity data for the same
elements in heated primitive chondrites of various
chemical groups is productive, particularly where
more evolved chondrites of the same group exist, it is
also useful to study a larger number of elements in a
single chondrite. Allende seems a natural candidate
for this since retentivities of C, S and noble gas
nuclides have been established for samples heated at
400-1000°C (HErRzOG et al., 1979—hereafter Paper
VII) as have major, minor and other trace elements
(including rare earths) in samples heated at
1800--2000°C, albeit in a significantly-different manner
(Notsu er al, 1978). Furthermore, elemental reten-
tivity in Allende is generally so high that the prob-
ability of measuring additional trace elements of
intermediate-to-high volatility is reasonable even at
quite high temperatures (Papers 1-V). To broaden the
coverage, we decided to measure Ag, Cd, Cs, Te and
Zn—ie. those elements determined in Papers II-VI
but not in I—in heated samples, thus completing
coverage of these highly-mobile elements over the
entire temperature range, 400-1400°C. We felt it
worthwhile including Co and TI to assess measure-
ment reproducibility in different heating experiments
for the least- and most-mobile elements, despite some
overlap with data in Papers I and VI. Our major
interest, however, was to determine the behavior of
hitherto unstudied As, Cu, Rb and Sb—elements
thought to be of intermediate nebular volatility
(ANDERS et al., 1976; Wa1 and WAssON, 1977)}—under
simulated metamorphic conditions known to cause
substantial loss of more volatile elements. We report
these results here together with a summary of all data
for Allende.
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In the following discussion, we omit data that we  spect
reflect contamination: Ag, 1100-1315°C (Paper v1) and
our datum at 1396°C; Cd, all data > 1000°C (This work,
Paper VI); TL, 1000° (Papers I and VI), 1100 and 1200°C
(This work) and 1268°C (Paper VI); Zn, our datum at
1396°C. We used all other data in this study and Papers 1
and VI, averaging any replicate resuits.

DISCUSSION

Elemental retention

The data of Tables 1 and 2 are depicted in Fig. I in
terms of relative retention; as previously seen, all ele-
ments are lost progressively over a broad temperature
span (cf. Papers I-VI). Temperatures of  ipient loss
vary markedly. Based on the data here and in Papers
I and VII these are: 400°C—Cd, TI; 500°C—Bi, *He,
“He, 2°Ne, *°Ar; 600°C—In, Se; 700°C—Ag, C, Te,
Zn, 2'Ne, 22Ne: 800°C—Cs, Rb, S; 900°C—Ga, °Ar,
38Ar, 84Kr, 132Xe; 1000°C-—As, Cu, Sb; 1200°C—Co.

We note with interest those elements lost inci-
piently at 1000°C. In the context of the two-
component model of Anders and co-workers which is
so successful in accounting for the chemical properties
of petrologic types 1-3 carbonaceous chondrites, CASE
et al. (1973) proposed that As and Sb are elements
‘partly-depleted’ by incomplete volatilization during
formation of chondrules and associated coarse metal.
ANDERS et al. (1976) and TAKAHASHI et al. (1978)
added Au, Cu, K, Mn and Na to this category. To the
extent that Allende models the behavior of other
chondrite parent material, it is intriguing 1t As, Au,

NGoand M. E

CHUTZ

Cuand: 1re lost incipiently at a temperature above
that needed for loss of ‘normally’ or ‘strongly de-
pleted’ elements (  ANDERS, 1964), ie. those vapor-
ized completely during chondrule formation and
below that required for loss of ‘undepleted’ (i.e. com-
pletely retained) Co. [We have no information on
incipient release temperatures for K, Mn or Na but
Au in Allende heated at 1000°C is 0.86x that in
unheated Allende (Tables I and 2). Our analytical
precision for Au in Allende is +2.6% (Biswas, unpub-
lished data)].

The ‘volatile-loss’ model for origin of ordinary
chondrites (Wasson and CHou, 1974) has been sug-
gested by War and WassoN (1977) as possibly applic-
able to C2 chondrites. This model interposes Ag and
Ga between As, Au and Cu and Sb in condensation
temperature. The low temperature of incipient loss
and high mobility of Ag (Fig. 1) in particular, argue
against applicability of this model to C2 chondrites;
however, we cannot comment on whether ordinary
chondrites provide evidence for it.

While elemental ordering by temperatures of inci-
pient release resembles proposed sequences for ele-
mental condensation during nebular cooling over the
1400400 K interval-—Co, Cu, Sb, Rb, Ag, Cs, Se, Zn,
S, Te, In, Cd, Bi, Tl, C (TAKAHASHI et al, 1978; cf.
GRrOossMaN and LARIMER, 1974) or Rb, As, Cu, Sb, Ga,
Ag, Se, Te, Zn (Wal and WassoN, 1977)—there are
some differences. The two processes—volatilization
and elemental loss from solid parent material during
heating (i.e. mobilization) and elemental introduction
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Fig. 1. Trace element contents as a function of ter

ature in heated Allende relative to those of

unheated material. Relative retentivities shown are mcan values of data reported here and, if appro-
priate, in Papers 1 or VI. (To conserve space, Zn data >1200°C are not shown. These extend to
~3 x 1073) Temperatures of incipient release vary widely but all elements are lost progressively over
a broad temperature range to extremes of as much as five orders of magnitude lower than initial values
(cf. Paper VI).
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