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Dedicated to Professor Heinrich Wänke on the occasion of his 60th birthday.

We report data for Ag, Au, Bi, Cd, Co, Cs, Ga, In, Rb, Sb, Se, Te, TI, U and Zn determined by 
radiochemical neutron activation analysis in consortium samples of Belgica (B) 7904, Yamato (Y) 
82042, Yamato 82162 and Yamato 86720 carbonaceous chondrites. These trace elements cover a 
wide volatility/mobility range and give unique information on thermal histories of meteorites. The 
results indicate the unique nature of these carbonaceous chondrites. Y-82042 proves to have the 
volatile element pattern of a C2 ( = CM) chondrite and the petrologic characteristics of a CI (sCI) 
chondrite. These must be primary nebular condensation/accretion features, unaffected by post-ac- 
cretionary processes. The other three meteorites were thermally metamorphosed in ^2 parent 
regions over the 600- 700 C range, at relative temperatures B-7904 < Y-82162< Y-86720. Before 
heating, B-7904 and Y-86720 had C2-levels of volatile elements: Y-82162 had uniquely high volatile 
element concentrations, at about CI-levels. The data require a new classification scheme for such 
chondrites. Belgica 7904 and Y-82162 and -86720 seem to be derived from one or more thermally 
altered carbonaceous asteroids, and their spectral characteristics should be compared with those of 
B-, F-, G- or T-asteroids. These results indicate substantial differences in the thermal histories of 
Antarctic and non-Antarctic CI and C2 chondrite populations. In reviewing all that is known about 
the Antarctic and non-Antarctic meteorite populations, the overwhelming weight of evidence sup­
ports the view that these populations sample different extraterrestrial source materials, differing in 
thermal histories. It may be that over the extended collecting period of the Antarctic ice sheet, it has 
sampled a considerably greater proportion of near-Earth asteroids than do current falls.

Introduction

For many years, Wänke and co-workers have been 
exceedingly active in using neutron activation analysis 
to determine the chemical composition of extraterres­
trial material. These multielement analyses, mainly of 
relatively refractory trace elements in evolved materi­
als, have shed important light on the origin and evolu­
tion of their parent objects e.g. the Moon, Mars and 
probably Vesta (in the case of eucrites). It is to Prof. 
Dr. Heinrich Wänke, in honor of his 60th birthday, that 
we dedicate this study of volatile trace elements in 
primitive extraterrestrial materials.

Among non-Antarctic samples, CI and C2 chon­
drites each have well-defined, precise patterns for 
labile trace elements that clearly distinguish between 
them (cf. [1,2] and references in these). (We specifically 
use elemental "volatility" in referring to equilibrium
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processes during nebular condensation and accretion, 
and "mobility" to refer to non-equilibrium trace ele­
ment loss during solid-state metamorphism in a par­
ent body. "Lability" is used when either thermal pro­
cess could have occurred. We do not use lability in 
discussing compositional alteration during Antarctic 
weathering.) Refractory elements can less easily distin­
guish between these and other carbonaceous chondrite 
groups. Kallemeyn and Wasson [3] proposed the 
terms CI and CM for CI and C2, respectively, to 
emphasize that their petrologic and chemical charac­
teristics, like the oxygen isotopic composition, are of 
primary nebular origin rather than reflecting sec­
ondary, parent-body alteration. Among non-Antarc­
tic samples, these properties are consistent: a meteor­
ite classified as CM petrographically will have an 
oxygen isotopic composition and a volatile trace ele­
ment abundance pattern like those of other CM chon­
drites. As will be seen, data for Antarctic samples pres­
ent a different picture, with part of the difference 
reflecting secondary (parent body) rather than pri­
mary (nebular) processes. As will be seen, some of the 
data reported here reflect primary processes, others
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Table 1. Comparison of numbers of carbonaceous chon­
drites.

Type Non-Antarctic3 Antarctic

Falls Finds ANS- ANS- JAREce
METbd METbe

CI 5 0 0 0 2
C2 18 5 19 76 17
C30 5 2 4 7 7
C3V 6 4 5 7 3
C4 0 1 7 16 2
C5 1 1 1 1 2
C6 0 0 1 1 0

a Data from Graham et al. [36],
b U.S. Antarctic Search for Meteorites. One further-unclas­

sified C3 chondrite is known [37], 
c Japanese Antarctic Research Expedition. Numbers do not 

include 46 further-unclassified carbonaceous chondrites 
[13],
Corrected for pairing [37], 

e Uncorrected for pairing [36. 37],

result from secondary alteration. We will, therefore, 
use the CI-CM terminology to describe mineralogic- 
petrologic-refractory element-oxygen isotopic trends 
and the C1-C2 terminology to describe trends estab­
lished from labile trace elements.

Similarities in the surface spectral reflectances of the 
numerous C asteroids and carbonaceous chondrites 
of petrographic types 1 and 2 have led to the consen­
sus view that these chondrites are "ground truth" for 
these asteroids [4]. Other asteroid types exist, some of 
which (B, F, G and T-asteroids) may have surfaces 
representing altered or metamorphosed CI and C2 
material [5], The 48 carbonaceous chondrite falls or 
finds ouside of Antarctica seem not to include any 
suitable example of such materal (Table 1). By and 
large, non-Antarctic CI and C2 chondrites represent 
relatively simple assemblages which, if altered, were 
affected only by low-temperature hydrolysis [6] under 
conditions such that trace elements did not migrate 
over great distances.

Recently, an unofficial consortium organized by Dr. 
A. L. Graham [7] reported data for a peculiar car­
bonaceous chondrite from Queen Maud Land, Ant­
arctica: Yamato (Y) 82042. This 376-gram sample ex­
hibits the textural and petrologic properties of a CI 
chondrite but the oxygen isotopic and major and mi­
nor element composition of a C2 chondrite [7], Grady 
et al. [7] also report data for refractory and some 
moderately volatile trace elements. Where these data 
discriminate between CI and C2 chondrites, they fa­
vor the latter: Na. K and Br seem peculiar, however.

The only other Antarctic carbonaceous chondrite ex­
amined in much detail -  Belgica (B) 7904, 1200 grams; 
Y-82162, 40 grams; Y-86720, 800 grams -  exhibit un­
usual properties suggesting thermal metamorphism, 
and Prof. Y. Ikeda organized a Consortium to study 
these.

Our pleasure at being invited to join these Consor­
tia and measure Ag, Au, Bi, Cd, Co, Cs, Ga, In, Rb, Sb, 
Se, Te, Tl, U, and Zn by radiochemical neutron activa­
tion analysis (RNAA) was exceeded only by our inter­
est in studying these examples, the first Antarctic CI 
and C2 chondrites in which labile elements have been 
determined. Part of our interest lay in determining the 
extents to which labile element contents of such chon­
drites reflect primary and secondary genetic processes. 
The other part of our interest lay in further examining 
the extent to which Antarctic and non-Antarctic me­
teorites differ and the reasons for these differences 
[8-10]. Here, we report our results.

Experimental

All Antarctic samples studied were received as in­
dividual pieces chipped from the interiors of the re­
spective specimens. Samples of ~ 100 mg (B-7904,16 -  
99.7 mg; Y-82042,50 -  94.1 mg; Y-82162,84 -  83.7 mg; 
Y-86720,83 -  97.2 mg) were irradiated at the Univer­
sity of Missouri Research Reactor for 2 days at a flux 
of 8 x 1013 n/cm2 sec. Techniques for chemically pro­
cessing samples and monitors and for data reduction 
are described elsewhere [11], As is usual in our Labo­
ratory, replicate portions of Allende Meteorite Refer­
ence Sample had previously been analyzed to assure 
the quality of our data.

Results

Allende

We list in Table 2 our results for Allende Meteorite 
Reference Sample powder together with the mean val­
ues from previous measurements in our Laboratory: 
there are no discrepancies. Lingner et al. [12] had 
previously compared means of slightly fewer data 
from our Laboratory with all other prior (and fewer) 
results and found no discrepancy. Since no Allende 
data from other groups have been published more 
recently, the comparison by Lingner et al. [12] serves 
to test our Laboratory's results with others.
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Antarctic Carbonaceous Chondrites

We list our results in Table 3 together with some 
prior literature data for these elements in non-Antarc- 
tic CI and C2 chondrites, for comparative purposes. 
(There is no evidence either from the literature [13-17] 
or from our data (Table 3) that results from carbon­
aceous chondrites of petrographic types ^  3 need be 
considered.) We selected these literature data because 
they were determined in general, comprehensive sur­
veys of the respective carbonaceous chondrite groups.

Labile elements concentrations in CI and C2 chon­
drites do not vary much, especially when contrasted

Table 2. Trace element concentrations in Allende (C3V) Me­
teorite Reference Sample.

This worka Purdue Meanb

Ag (ppb) 102 ±9(9) 99.0 +9.5(59)
Au (ppb) 147 ±5(3) 145 +9(27)
Bi (ppb) 49.5 + 0.8(3) 48.6 +3.4(4)
Cd (ppb) 518 + 26(8) 505 +56 (56)
Co (ppm) 615 + 32(9) 614 +39(66)
Cs (ppb) 87.2 + 5.3(9) 86.9 +5.3(60)
Ga (ppm) 5.97 + 0.54(9) 6.21 +0.55(47)
In (ppb) 31.7 + 3.8(9) 30.3 +3.4(52)
Rb (ppm) 1.11 + 0.14(9) 1.11+0.13(54)
Sb (ppb) 84 ±9(5) 84 +14(38)
Se (ppm) 8.44 + 0.69(9) 8.74+1.09(44)
Te (ppm) 0.960 ±0.041 (9) 1.02 + 0.09(65)
TI (ppb) 60.6 + 3.7(6) 61.0 +4.7(68)
Zn (ppm) 119 ±8(9) 116 +7(65)

a Split 22, position 25. Mean value and one sample standard 
deviation are listed for the number of replicates analyzed 
(in parentheses). 

b Mean value and one sample standard deviation are listed 
for the number of replicates shown in parentheses [9, 12 
references cited therein, 32].

with the 1-3 orders of magnitude variation evident in 
other meteorite groups. Data for CI chondrites are 
illustrative of the analytical coherence. For 2 CI chon­
drites (6 analyses), Kallemeyn and Wasson [3] esti­
mated relative standard derivations from the mean of 
2-6% for 5 of 7 elements: the remaining 2 elements 
(Sb, Au) exhibited precisions of 13 and 17% (Table 3). 
In the compilation of Ebihara et al. [18] for data from 
many sources (10-39 analyses), 9 of 12 elements had 
estimated relative standard deviations from the mean 
of 3-10% (Table 3). Precisions for the remaining 3 
elements -  Au, Sb, Rb -  were 16-18%: interestingly, 
these are among the least labile of the elements consid­
ered here. Hence it makes little difference which liter­
ature data we list. The sources of literature data for 
Ag, Bi, Co, Cs, Ga, Rb, Te, TI and U are listed in 
Table 3. For other elements, we chose the data of Ebi­
hara et al. [18] since these are the most recent and 
comprehensive. In Fig. 1, we depict our results from 
Table 3 in terms of CI-normalized abundance ratios.

There are few prior data with which our results can 
be compared, and these exist only for Y-82042. For 
duplicate samples of Y-82042, Grady et al. [7] report 
534 and 648 ppm Co, 160 and 162 ppm Au, 110 and 
120 ppb Sb, 7.85 and 7.99 ppm Ga, 12.4 and 14.3 ppm 
Se and 176 and 200 ppm Zn. Our Co and Sb results 
for Y-82042 are clearly lower than these, Ga is slightly 
lower but Au essentially agrees (Table 3). Heteroge­
neous metal distribution is possible but it should be 
noted that, relative to the other chondrites found in 
this work to have a C2-like trace element pattern, 
Y-82042 contains lesser quantities of many of the least 
labile elements (U->Se). We believe that this effect is 
real and reflects primary differences.

Table 3. Trace element concentrations in some Antarctic carbonaceous chondrites and mean concentrations for non-Antarctic 
CI and C2 chondrites.

Meteorite U 
and Reference (ppb)

Co Au 
(ppm) (ppb)

Sb 
(ppb)

Ga Rb Cs 
(ppm) (ppm) (ppb)

Se Ag 
(ppm) (ppb)

Te Zn In 
(ppm) (ppm) (ppb)

Bi 
(ppb)

TI
(ppb)

Cd 
(ppb)

Belgica 7904,16 13.3 495 177 120 9.29 1.9 140 14.7 148 1.61 171 35 17.9 5.56 1.86
Yamato 82042,50 9.6 422 155 47 7.50 1.5 117 11.5 133 1.33 196 48 68.0 84.9 403
Yamato 82162,84 11.7 490 102 140 13.2 3.2 211 27.8 291 3.12 364 39 23.4 3.37 <1.4
Yamato 86720,83 11.1 483 178 72 9.74 1.6 143 20.1 128 1.68 29.2 16 3.88; 6.65 0.85
CI [3] 510 140 153 9.8 21.3 311 87 638

±13 + 24 + 20 ±0.2 + 0.8 + 16 + 41
CI [18, 38] 8.1 137 160 2.03 185 18.4 214 2.35 305 79 113 140 670

+ 23 + 29 ±0.33 ±10 + 0.7 ±21 ±0.24 ±9 + 5 ±8 ±13 + 41
CM [3] 579 165 118 7.8 13.1 185 51 352
C2M [20, 21] 11 150 120 1.4 130 11 210 1.14 200 47 75 110 470
C2R [21, 39] 13 160 80 1.08 84 8.1 94 1.1 130 31 44 56 300
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Fig. 1. Concentrations of 15 trace ele­
ments in four carbonaccous chondrites 
from Queen Maud Land, Antarctica, 
normalized to those in CI chondrite falls 
[38]. Elements are ordered from left to 
right by increasing mobility (ease of va­
porization and loss) in Murchison (C2) 
chondrite heated for 1 week in a low 
pressure (initially 10~5atm H,) en­
vironment at 600 -700 C [19]. Data for 
unheated Murchison [19] match those 
of Yamato 82042 very well, confirming 
that it is chemically C2 while being pet- 
rographically CI [7], Clearly, these fea­
tures were established during primary 
nebular condensation and accretion. 
From comparison with data for heated 
Murchison [19], the other samples 
Belgica 7904. Yamato 82162 and Ya­
mato 86720 - experienced post-accre- 
tionary thermal processing in parent 
bodies at progressively higher tempera­
tures in the 600-700'C temperature 
range. Prior to metamorphism, Yamato 
82162 parent material had about CI 
levels (horizontal line at 1.0), possibly a 
bit higher, of mobile elements (judged 
from Ga-+Zn). The other 2 metamor­
phosed chondrites had C2 levels of mo­
bile elements. Because of differences in 
contents of less-mobile elements, Ya­
mato 82162 must have originated in at 
least a different parent region than Bel­
gica 7904 and Yamato 86720. These 
parent regions/bodies must have been 
similar to present-day B-, F-, G- or T- 
asteroids.

Discussion

To aid in our discussion, we have chosen to list the 
elements in Table 3 and Fig. 1 in order of increasing 
mobility at 600-700 C, a temperature range consis­
tent with petrologically-observable thermal alteration 
effects in Y-82162 [15, 16] and Y-86720 [17], We as­
sumed that the mobility order for elements in this 
temperature range would be similar in CI and C2 
chondrites and determined the order from data for 
Murchison C2 chondrite heated in a low-pressure en­
vironment (initially 10"5 atm H2) at temperatures of 
400-1000 C [19]. In Fig. 1, we d'epict Cl-normalized

abundance trends for unheated Murchison and ali- 
quants of it heated at 600 C and 700 °C [19] together 
with the data for the 4 Antarctic carbonaceous chon­
drites (Table 3). In calculating atomic abundances for 
the Antarctic carbonaceous chondrites, we used Si 
data of Ikeda (pers. comm.).

Before discussing the Antarctic samples, we should 
briefly summarize the important points of similarity 
and difference in CI (= CI) and C2 (= CM) abundance 
data for non-Antarctic samples. Refractory litho- 
philes, like U, are generally enriched in CM chondrites 
by 33% relative to CI chondrites [3], Siderophiles, like 
Co and Au, are enriched in CM chondrites by 9%
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relative to CI chondrites [3]. Finally, for the 11 mod- 
erately-to-strongly volatile elements in Table 3 (Ga —> 
Cd), concentrations in CM ( = C2M) chondrites are 
0.55 + 0.11 of those in CI ( = CI) chondrites [18, 20, 
21]. Antimony, an element with volatility intermediate 
between siderophiles and moderately-to-strongly vol­
atile trace elements, has a similar CM/CI ratio, i.e. 
0.60 [3, 18, 20,21],

Antarctic Carbonaceous Chondrites

The picture presented by data for the 4 least labile 
elements, U->Sb, is much more clouded than that 
obtained from the more mobile ones. Three of these 
elements -  U, Co and Au -  form generally tight clus­
ters in Fig. 1 centered at 1.1 x CI, 0.75 x CI and 1.0 x 
CI, respectively. (Only one datum, Au in Y-82042, lies 
apart from the cluster, and that result is confirmed by 
other analyses.) These values are not those typical of 
CI or CM chondrites and may signal a real difference 
or a systematic analytical problem. Our Allende anal­
yses (Table 2) argue against the latter. The Co dis­
crepancy in Y-82042 argues for it but the Au agree­
ment negates this. The large spread in Sb values and 
their substantial depletion relative to CI chondrites 
suggest some difficulty with this element which ex­
hibits poorer precision in its determination by any 
technique, including our own ([3, 18]; cf. Table 2). For­
tunately, it is the more labile elements that are more 
crucial to our understanding of the Antarctic carbona­
ceous chondrites, and their trends are quite easily in­
terpreted.

Yamato 82042

Data for Y-82042 define the simplest pattern, and 
we will discuss this chondrite first therefore. Normal­
ized to CI chondrites, abundances in Y-82042 de­
crease slightly from U to Ga or Rb and are virtually 
constant thereafter (Figure 1). Because of uncertainty 
associated with interpretation of data for the least 
volatile elements, we judge that the most significant 
qualitative trend exhibited by the Y-82042 data is the 
flat pattern of the volatiles. This is diagnostic of a 
primary, nebular effect, and no post-accretion event 
altered it.

Quantitatively, the data for Y-82042 fit the CM 
trace element pattern reasonably well. Relative to con­
centrations in CI chondrites, the 11 volatile elements 
(Ga->Cd) have concentrations that vary little, averag­

ing 0.55 + 0.05. (Even if data for the 4 least volatile and 
therefore most variable elements in Y-82042 are in­
cluded, the mean CI-normalized abundances becomes 
0.61+0.21.) From the volatile element perspective, 
Y-82042 is indistinguishable from a C2M chondrite. 
For example, as part of a heating study, Matza and 
Lipschutz [19] determined 11 trace elements, Co, Ga, 
and the 9 elements Cs-*Cd, in unheated Murchison, 
a typical C2M chondrite. The mean CI-normalized 
abundances are 0.53 + 0.09 for the 10 elements 
Ga-»Cd and 0.56 + 0.14 for all 11 elements, in excel­
lent accord with the corresponding ratios of 0.55 + 
0.05 and 0.57 + 0.08 for Y-82042. Figure 1 depicts the 
trend for the volatile elements Cs->Cd in unheated 
Murchison. As can be seen, it is quite similar to the 
corresponding results for Y-82042. Naturally, if 
Y-82042 had CI-levels of volatiles, its ratio would be 
exactly 1: such a line is also indicated in Fig. 1, and the 
deviation of the Y-82042 points from this is obvious. 
U, Co, Au and Sb data add little to the picture. While 
these data might be taken as indicating that Y-82042 
deviates very marginally from CM chondrites in its 
component of less-volatile elements, the differences 
are so slight that we adopt the conservative view of 
regarding it as C2 chemically. On an element-by-ele­
ment basis, differences between our data for Y-82042 
and CM or C2M means exceed 10% only for Co, Sb, 
Ag, Te, and TI. We have discussed the first two of these 
before: differences for the Ag and TI reflect abnor­
mally high values for 2 of 9 C2M chondrites measured 
by Anders and coworkers [20, 21],

Our data then confirm the earlier view [7] that 
Y-82042 is a unique meteorite, being CI texturally and 
CM or C2 chemically. We discuss below its further 
classification.

Belgica 7904 and Yamato 86720

These 2 chondrites also present a relatively simple 
picture, that of C2 chondrites altered by thermal 
metamorphism at 600-700 °C in parent bodies. The 
chemical evidence supporting this is straightforward 
and most easily seen in Figure 1. For the 10 elements 
to the left, U-»Te, data for B-7904 and Y-86720 are 
very similar to those for Y-82042. (Sb is questionable 
for reasons discussed earlier.) To the extent that 
Y-82042 chemically represents C2 material for these 
elements, so too do B-7904 and Y-86720. The point of 
departure is Zn. This element and the 4 more mobile 
ones, In->Cd, are depleted in Y-86720 relative to the
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C2 trend exemplified either by unheated Murchison 
[19] or Y-82042 (Table 3, Figure 1). In contrast, Zn 
and In are present at C2 levels in B-7904 but the 3 
most mobile elements -  Bi, Tl and Cd -  are depleted 
in it. We attribute these depletions in B-7904 and 
Y-86720 to mobilization of these elements during 
thermal metamorphism of parent material initially 
containing C2-levels of Zn, In, Bi, Tl, and Cd.

Fortunately there exist appropriate experimental 
data [19] to test this suggestion. Trends for Murchison 
(C2M) chondrite material heated for 1 week at 600 °C 
and 700 °C plotted in Fig. 1 are very similar to those 
for B-7904 and Y-86720. Indium and the 3 elements to 
the right are significantly depleted from Murchison at 
600 °C; Zn joins them at 700 C (cf. Table 2). We inter­
pret these results as indicating that Y-86720 was meta­
morphosed at ~700°C, perhaps somewhat higher, 
while B-7904 was altered at somewhat lower tempera­
tures, but still above 600 °C.

These conclusions generally accord with results ob­
tained previously. Kallemeyn's [22] refractory element 
data for B-7904 group it with CM chondrites despite 
its oxygen isotopic composition which groups it with 
CI [14], By comparison of 7 Ä serpentine-type phyl- 
losilicates in B-7904 with those in Murchison heated 
at 500 °C and 600 °C, Akai [23] concluded that B-7904 
was thermally metamorphosed at a temperature 
higher than these. The refractory element data for 
Y-86720 "weakly group it with CM chondrites al­
though it may be intermediate between CI and CM" 
[22], Oxygen isotopic data for Y-86720 group it with 
B-7904 and Y-82162 at the high end of the CI distri­
bution [24], but Tomeoka et al. [17] conclude that 
Y-86720 is a CM chondrite extensively affected by 
aqueous alteration and subsequently thermally meta­
morphosed preterrestrially. We concur with Tomeoka 
et al. [17] and suggest further that B-7904 represents a 
less thermally altered example. We believe that these 
2 preterrestrially heated carbonaceous chondrites are 
not paired samples from different regions, in view of 
the distance between their find locations. At the least, 
they derive from different parent regions in the same 
parent body, because of the difference in their degree 
of thermal alteration.

Yamato 82162

While the trace element pattern for Y-82162 shows 
unambiguous evidence for loss of the most mobile of

these elements, as in B-7904 and Y-86720, it shows 
some features that make Y-82162 unusual, perhaps 
unique (Figure 1). The 4 least mobile elements exhibit 
contradictory trends with U indicating CM, Cs and 
Sb indicating CI and Au indicating neither. The next 
7 elements, Ga->Zn, are at about CI levels, enriched 
by a small amount, 7%. The 4 elements of highest 
mobility at 600-700 C are very significantly depleted 
in a manner strongly suggestive of thermal metamor- 
phic loss for reasons discussed in connection with 
B-7904 and Y-86720. The data suggest that prior to 
this metamorphic episode, the contents of In, Bi, Tl 
and Cd were at or above CI levels and that the meta­
morphic temperature was intermediate between those 
of B-7904 and Y-86720 (Figure 1).

Assuming the correctness of this interpretation, 
Y-82162 seems to represent pre-metamorphic mate­
rial uniquely different from B-7904 or Y-86720. Ya­
mato 82162 is a peculiar meteorite by any criterion. Its 
oxygen isotopic composition, like those of B-7904 and 
Y-86720 most closely resembles that of CI chondrites 
but all lie far away from normal, non-Antarctic CI 
chondrites [8, 24]. This also seems to be the case with 
data for refractory elements [22], Tomeoka et al. [15] 
states that "this meteorite shows many mineralogical 
features that apparently differ from the known CI 
chondrites, suggesting that it has a unique formation 
history compared to other CI chondrites" [cf. 25]. In 
particular, Y-82162 seems to have largely escaped the 
late aqueous alteration stage that affected other CI 
chondrites [15, 25].

We concur with the conclusions of Tomeoka et al. 
[15, 25]. From our results,Y-82162 parent material ap­
parently formed with volatile element concentrations 
at about CI levels. Concentrations by weight are 
higher (by ~35%) than those in CI chondrites but 
much of this difference reflects the lower water content 
of Y-82162. The primary, high levels of its 4 most 
mobile trace elements were subsequently lowered by 
thermal metamorphism in its parent body over the 
600-700 C temperature range. Despite the fact that 
B-7904. Y-72162 and Y-86720 (in order of increasing 
metamorphic temperature) were metamorphosed over 
a similar temperature range, this process must have 
taken place in at least 2 parent regions -  perhaps on 
the same body, perhaps not -  since chemical and pet- 
rological characteristics of Y-82162 differ so much 
from those of B-7904. We expect that the spectral 
reflectance characteristics of B-7904, Y-82162 and 
Y-86720 might well match those of B-, F-, G- or T-
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asteroids, minor planets suspected of being thermally 
metamorphosed CI or C2 objects [5],

Could loss of the most labile trace elements in these 
3 carbonaceous chondrites be an Antarctic weather­
ing artifact? We think not. Trace elements are lost by 
leaching during alteration of Antarctic meteorites to 
form samples of the most heavily weathered type C 
[8]. However, these losses affect 10 elements (Co, Au, 
Sb, Cs, Bi, In, TI, and possibly Rb, Zn and Cd), not 
merely the 3-5 most thermally labile ones and rarely 
exceed a factor of 3. The 4 Antarctic carbonaceous 
chondrites studied here appear essentially unweath- 
ered, and there is no evidence for trace element leach­
ing from this sort of sample [8]. To invoke weathering 
as the loss mechanism for Bi->Cd in B-7904, In->Cd 
in Y-82162 and Zn^Cd in Y-86720 by amounts of up 
to 103 is to require a remarkable degree of coinci­
dence. It would require that just those 3-5 elements be 
lost (to about the correct extent) from the 3 Antarctic 
carbonaceous chondrites) by leaching as by heating 
Murchison to 600-700°C, a temperature range con­
sistent with thermally-induced petrographic changes 
evident in the Antarctic samples. Such a degree of 
coincidence seems to us so unlikely that we discard 
this possibility.

The Murchison samples were heated in the labora­
tory under conditions and times [19] that probably 
differ vastly from those experienced by Antarctic car­
bonaceous chondrites during heating in their parent 
body. How quantitatively instructive then are the 
trace element data from heated Murchison to meta­
morphic temperatures in the parent bodies of B-7904, 
Y-82162 and Y-86720? Three sorts of data suggest 
that the Murchison results provide at least semi-quan- 
titative information.

1. Temperatures estimated from trace element data 
for the 3 Antarctic carbonaceous chondrites and 
heated Murchison are consistent with thermometers 
provided by the petrography of the samples [15, 17, 
23,25],

2. Sulfide equilibration temperature ranges for non- 
Antarctic enstatite chondrites and achondrites are 
very similar to putative metamorphic temperatures 
estimated from labile trace element contents of these 
same meteorites and from Abee (E4) samples heated 
artificially under conditions like those used in heating 
Murchison [26-28].

3. Qualitatively, those elements mobilized by heat­
ing Krymka (LL3) under conditions like those used in 
heating Murchison are the elements whose contents in

non-Antarctic L chondrites vary inversely with the 
degree of shock-loading as estimated petrographically 
or from contents of radiogenic 40Ar [29-31],

Clearly additional petrographic work needs to be 
done to uncover mineralogic/petrologic thermome­
ters in B-7904, Y-82162 and Y-86720 to establish their 
metamorphic temperatures definitively. At this point, 
we feel justified as estimating the range as 600-700 °C.

Carbonaceous Chondrite Classification

Three factors could be used to unambiguously clas­
sify carbonaceous chondrites into petrographic types 
-  petrology, oxygen isotopic composition and volatile 
trace element content. Heretofore, for non-Antarctic 
samples, the classifications from them would be self- 
consistent so that, for example, the term CM unam­
biguously communicated the nature of a sample's pet­
rographic properties and oxygen isotopic and volatile 
trace element contents.

As summarized in Table 4, the properties of the first 
4 Antarctic Cl/2 (CI/M) samples studied in detail are 
not self-consistent or unambiguous. B-7904, for exam­
ple, exhibits the petrographic properties of a CM 
chondrite (including hydration of matrix) but the oxy­
gen isotopic composition of a CI. Its trace element 
composition indicates that it accreted as a CM or C2 
but this composition was then altered by heating in 
a parent body at a temperature near 600 °C.

We find it necessary to propose a more complicated 
classification scheme that will express all of these 
parameters. Our proposal is limited, for the time be­
ing, to those samples prompting the change. We pro­
pose something like

Chemical Type ^ ^ "g r^ p h y 68 Labile Trace Elements

with an asterisk denoting post-accretion metamor- 
phism. By this convention, B-7904, Y-82042, Y-82162

Table 4. Summary of properties of four Antarctic carbona­
ceous chondrites.

Petro­
graphy

18. 17. 16q Labile Trace 
Elements

Belgica 7904 CM CI C2a
Yamato 82042 CI CM C2
Yamato 82162 CY CI Cla
Yamato 86720 CM CI C2a

a Thermally metamorphosed.
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and Y-86720 would be described as C^2*, C^2, C'Y1*, 
and C^2*. respectively. Any sample not requiring this 
more elaborate scheme could still be denoted as e.g. 
C2, C2M or CM for Murchison.

Antarctic/ Non-Antarctic Meteorite Populations

Several years ago, Dennison et al. [32] suggested 
that H chondrites and other meteorites recovered in 
Antarctica may represent an extraterrestrial popula­
tion significantly different from that falling on Earth 
today. It is important to note in this connection that 
for differences to be observed, all Antarctic meteorites 
need not have thermal histories differing from non- 
Antarctic histories of the same type. It is sufficient if 
each population -  Antarctic and non-Antarctic -  of a 
given type contains contributions of material from ^  2 
sources having different thermal histories, but in dif­
ferent proportions [32], It turns out that Antarctic 
samples from every meteorite group studied to date 
differ in meaningful ways from their non-Antarctic 
siblings. Commenting on this suggestion, Wetherill 
[33] pointed out that this would imply the existence of 
"meteoroid streams", i.e. that meteoroids "remember" 
the launch parameters imparted to them during colli­
sional ejection from their parent bodies. The idea that 
meteorite orbits are not randomized during their tran­
sit from parent body to Earth, i.e. during their cosmic 
ray exposure history, is at odds with the conventional 
orbital dynamic picture obtained by statistical, Monte 
Carlo-type calculations of meteorite derivation from 
the Asteroid Belt. Halliday et al. [34] recently reported 
direct evidence for numerous streams of meteorite- 
producing asteroidal fragments from photographic 
observations by the U.S. Prairie Network and Cana­
dian Meteorite Observation and Recovery Project 
camera networks.

The different ensemble of properties exhibited by 
Antarctic and non-Antarctic carbonaceous chondrites 
as discussed above is one more example of the signif­
icant Antarctic/non-Antarctic meteorite population 
difference observed for every meteorite group studied 
to date. A detailed summary of these studies is beyond 
the scope of this paper and is presented elsewhere [35], 
It is sufficient to note here that few of the long list of 
differences could conceivably be due to Antarctic 
weathering. Most, if not all, differences must reflect 
preterrestrial processes.

Conclusions

Trace element data, especially for volatile/mobile 
elements, confirm the uniqueness of the 4 carbon­
aceous chondrites from Queen Maud Land (Antarc­
tica) studied here, relative to non-Antarctic falls. No 
fall has the peculiar combination of characteristics 
(CI petrology, CM oxygen isotopic composition and 
labile trace element chemistry) of Y-82042. These 
trends, which must have been established during pri­
mary nebular condensation and accretion, argue that 
Y-82042 derives from a source other than those which 
produced CI or CM falls. During primary formation 
of its parent material, Y-82162 acquired trace element 
contents similar to those of CI falls, but a lesser qan- 
tity of H20. Ironically, it was surrounded by (frozen) 
H20  since it landed on Earth. The petrographic char­
acteristics of Y-82162 led Tomeoka et al. [15] to con­
clude that "this meteorite may have come from a loca­
tion distinct from other CIs, i.e. different locations in 
a parent body or different parent bodies". We concur. 
Furthermore, this meteorite and B-7904 and Y-86720 
-  both of which apparently derive from parent mate­
rial containing CM-levels of volatiles -  experienced 
open system thermal metamorphism at 600-700 °C in 
their parent bodies, a characteristic unknown among 
CI and C2 falls. From chemical, isotopic and petro- 
logic properties. B-7904 and Y-86720 must have come 
from different source region(s) or object(s) than that 
from which Y-82162 derives, despite the fact that 
B-7904 and Y-86720 apparently were metamorphosed 
at temperatures bracketing the metamorphic temper­
ature of Y-82162. Possible parent asteroids for these 3 
thermally altered carbonaceous chondrites include 
those of the B-, F-, G- or T-types.

This difference in the thermal histories of Antarctic 
and non-Antarctic carbonaceous chondrites, now re­
quiring substantial modification of traditional classifi­
cation schemes, adds to the preponderance of evi­
dence arguing that the two overall sample populations 
derive from substantially different parent populations. 
We interpret the results as indicating that the near- 
Earth population of extraterrestrial material has 
changed with time on the 105 — 106 year scale. Such a 
temporal change in the meteoroid flux of extraterres­
trial material is not consistent with the current picture 
of meteorite derivation from the Asteroid Belt, as de­
duced from statistical, Monte Carlo calculations. An­
other long-standing problem is that no Asteroid Belt 
object seems to have a spectral reflectance consistent



987 R. L. Paul and M. E. Lipschutz ■ Antarctic and Non-Antarctic Meteorite Comparisons

with those of the overwhelming majority of meteor­
ites, the ordinary chondrites [4], Seemingly, both of 
these suggest a near-Earth origin with the Apollo, 
Amor or Aten asteroids having varied in their effec­
tiveness as a meteorite source with time.

Whatever the ultimate answer to the question of the 
parent population(s) for Antarctic and non-Antarctic 
meteorites, it seems likely that Antarctic samples will 
continue to provide many more surprises [40].
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