
PROGRESS BY TIIE CONSORTS OF ANGRA DOS REIS·

T he Angra dos Reis, Rio de .Ianeiro. Hrazil, achondrite fell in -Ianuarv, 18G9, as one stone weighing
l.fíkg (1) . II is a un ique meteorito, an ultramaf ic pyroxenit e, having very pr imit ivo '7S I'/"BS r fADOR (2) I.
an old ,1I;Pb_"";Pb age 01' 4.fififi AE (:n, anel evidence for extin ct mplI (4). Becau se of the importance oí'this
meteorit e for understa nding the ear ly diílcrentintion of meteorite parent bodies, a cornpreh ensive consor­
t ium study was initia ted . The ent ire rema ining I~2 .G gm specimen of Angra dos Heis was made ava ilable
for inspection and sampling und er controllcd conditions through th e coaperat ion af the Museu Nac ional,
Rio de Janeiro, Braz il. P oliuhed thin sect ions of the rock and of separates were studied
microscopically and by electr on rnicroprobe. Mineral ana lyses are in genera l similar to those reported by
Hutchison (5) and Albee and Chodos (G) , except t hat we report for t he fi. rst tim e kirschsteinite from a
meteorite. There are no grain to gra in cornpnsit iona l variations exceeding th e precision of the analyses,
The meteorite consists of over 90% of clinopyroxene of [assaite cornposition (T able 1; Fig. 1), cha racteriz­
ed by high AI and Ca contents. ln the str uctural formula, AI in tetrahedral position does not ba lance the
surn of other trivalent cations anel an amount of divalent iron was converted into the trivalent state to
malte UI' the ditference. Olivine (S 5 ~'i , of the rneteorite) in gra ins UI' to 1 mm in size contains small islan ds
( S 100 pm) of hirschsteinite ( S 0.1% of the meteorito), a member of the isornorphous ser ies of monticeliite
(Mo) and kirschsteinite (Ks) (Tabl e 1, Fig. 1). Th e mineral in Angra dos Reis is - Ks62.3 M037.7.
M agnes ian-alum inian hercyn iie makes up about 0.1í%-2% 01' the rock, with Fe'" content calcula ted to
balance the structural formula. Noteworthy are th e large (rnm-siz ed) grain s of iohitlochite ( ~ 1% of the
rock) (T able 1) which can be recognized by their greenish color. Meta llic nickel-iron (Fe 95.5, Ni 3.5, Co
1.15, total 100.15) and troilite (Fe 62.9, Co 0.07, S :36 .5, total 99.47) are rare . Baddeleyite, plag icclase
(bytownite) and Si0 2 were found for th e first tim e in this met eorite. The major mass of
ADOR was brought to Caltech for preparat ion 01' samples for a prototype experiment for chemical and
isotopic studies.:The fragme nt surfaces cont ain ed fusion crust and saw cuts and a 5.8 g fragment was
broken off to provide interior material. A mass of 0.8 g was crushed to -75~m and separa ted using heavy
liquids. The 3.3 sinks were distr ibuted to the consorts. The weight of ali material with p<2.8 was - 1 mg.
T he main low density fract ion (p= 2.8-3.3) weighed 10 mg and was 40% whit lockite and 60% pyroxene.
Abunelant vacuo les anel inelusions were observed in the phosphate. During sample preparat ion several
larger ( - 1 mm ) yellow-green gra ins were observed which proved to be whitlockite (Tabl e 1). A 240j1m
grain was analyzeel for Pb to determine th e concentration levei and isotopic composition; ten clean, clear
whit lockite gra ins (-250j1m each) were picked with a tota l weight of - 200 pg (estimated from dia meters)
and analyzed for Pb , U and Th using a '~"" Ph tracer and microprocedures (7, 8). INAA analyses of puta tive
ultrapure whit lockite were aborted because it was discovered that not ali yellow-green gra ins were
phosphat e but were En52 W02 Fs46 to th e ernbarrassment of th e distribu ting agent . Ea ch density fraction
was analyzeel for selected elements including Xe (T'able 2). To establish the REE patt ern of
"pure" pyroxene a sam ple of 3.3 sinks was split and subjected to INAA (Table 3). One split was leached
with acid to dissolve phosphates anel the other not treated . T he results shaw no difference in th e concen­
trat ions for the REE measured and are sornewhat lower than those reporte d for the tota l rock (9). We con­
elude that the REE are in pyroxene anel not in trapped liquiel 0 1' phosphate . T he pyroxene concentrations
may thus be used to calculate the cornpos ition of the magma frorn which ADOR crystallized. Using D
values from (lO) and for Eu at f(OZ) - 10 - I I bars from (l1) we obtain values for the magma (Table 3). T he
parent magma ap pears to be highly enr iched relative to chondrites, has a posit ive Eu anornaly and is the
most highly fract ionated extraterrestrial magma source so far observeel . This requires th at the parent
magma itself be derived from a previous partial melt ing processo Rb-Sr analyses were
carr ied out on a 75 mg rock fragment (Tabl e 4). T he observed ~ ;S r/~fiSr and "'Srr Sr are given along with
the calcu lated initial values. The ~ IS r abundance is not distinguishable from ALL 01' seawater. T he
"'Sr/""Sr clearly confirm the original data (2) which showeel this meteor ite to have an I value far below
BABI. T he value for ADOR is confirmed bu t may possibly be the sarne as ALL to withi n limits 01' error.
We conclude that an anc ient, highly difl'erent iated paren t planet has preserved init ialSr that is distinc­
tive. Xe was measured in 199 mg of 3.3 sinks and 4.7 mg of 2.8 sinks to establísh 2" p Ufission (P),
trapped (T) and spallation (S) Xe distributions (data in Fig. 2). Xe was extracted in th ree steps ; only
1450°C data are presented. 700°C fract ions contained only Xe with air composition . Blank Xe of air com­
position contributed 3% of 1:12Xe 01' the 3.3 sinks and 11% of 112Xe of the 2.8 sinks in the 1450°C fract ions.

• T he ADORABLES are K. Keil (chief consort), M. Prinz, P . F . Hlava (Univ , of New Mex ico); C. B. Gomes (Univ. de
Sao Paulo); W. S. Curvello (Museu Nacional, Rio de Janeiro); G.•1. Wasserburg , F . Tera, D. A. Papanastassiou, J.
C. Huneke (Caltech) : A. V. Mura li, M.-S . Ma, R. A. Schrnitt (Oregon State Univ.) ; G. W. Lugmair, K. Marti, N .
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PROGRESS BY T HE CONS ORTS

ADORABLES

T he 1650°C reextracts conta ine d :1.5% anel 2% additi ona l l1nXe from 3.3 sinks and 2.8 sinks respec t ively .
Xe in both sarnpies is fi complex mixture of S, T and F. T he position oft he data on Fig . 2b along the line
joinin g Xe'I' and 1HP U fission Xe indicates lurge amounts of 11lPU fission Xe in both pyroxene anel
ph osp hate. The elisplacement of 2.8 sinks below th e lin e is ca use cl by substant ial additio n of XeS . T he
positions of the two data points in Fig. 2a show that l11Xe in pyroxene is primarily 1:12XeT anel 1:12XeF wit h
minor spallation contributions . Spallation con tributions to l:llXe in whitlockite can be quite large anel
seriously affect partitioning of the heavy isotopes between T anel F. Ba/Nd in the 2.8 anel 3.3
sinks are similar to Ba/Nd in Apollo 11 high -and low-K rocks respectively (12), anel we take XeS
compositions in these rocks to eletermine spa llat ion contribut ions (1 :l2XeS/ '26XeS =0.9, p > 3.3;
112XeS/12"XeS = 0.15, 3.3> p >2.8). Remaining l:llXe is partit ioned into T and F using kno wn trappe d and
1Hpu fission Xe compositions . 66% of t he total 1:I6Xe in 3.3 sinks anel 94% in 2.8 sinks is 2HPUfission 1:l"Xe.
Bla nk Xe and pyroxene trapped Xe is sufficient to account for ali XeT in the 2.8 sinks; a li 1:l"Xe in
whitlockite is fission Xe. S, T and F contents are in T ab le 2. The lar ge Ba enrich ment in the
whitlockite separate indicates whitlockite comprises onl y - 0.4% of th e tota l rock. From the chemica l and
isotopic data, it follows that the dorn inant part of the 211P U, U anel T h in ADOR are in th e p >3.3 separate
an d almost certa inly in t he pyroxene. This result on a magmatic rock cannot be directly compared to the
more complex chondrites , Fro m t he Xe data on whit lockite anel th e stepwise heating measurements of
Ho henberg (4) on a total rock (Fig. 2), which yield points much closer to pure lHP Ufission Xe, we conclude
t hat there must exis t a different ph ase (not pyroxene) rich in 2H PU and poor in REE anel Ba.
2Hp ufl'"U - 0.006 in the total rock (4) as compared to 0.015 in t he SI. Sévérin chondrite (13) . T he highly
fra ctionated nature of t he parent magma and the cu mu late nature of ADOR suggest the low mpujt:J8U
most reasonably results from strong elemental fractionation. Since ADOR is a magmatic di fferent iate it
could also be exp lai ned by a formation t ime of ADOR - 0.1 AE later than chondrites . The
Iarge Xe S contents in bot h separates and the x4 enrichment in Ba relat ive to Nd in whitlockite (Table 7)
allo wa un ique determination of XeS from Ba an d from REE in a meteorite. Using Nd as a measur e for
tota l REE, the re lative product ion is P I26(N d )/P126(Ba ) = 2.0. T he production rate of 126XeS over the 63 x
l O'y r cosmic ray exposure age of Angra dos Reis is PI 26=0. 21 x 10 -12[Ba + 2.0 Nd ] cc STP/g/lOR yr, wit h
Ba and Nd in ppm . T his result agrees well with t he only similar result, on lunar rock 12013
(14). Pb-U-Th data are given in T able 5. T he racl iogen ic 207Pb _206P b ratios for the tota l
meteori te confirm t he valu e reported by Tatsumoto et ai. (3) . Our a =617 is th ree t imes larger th an they
rep orto These workers washed the ir samples with acid and also obt ain di scord ant Pb-U-Th ages . The
pho sphate experiment was very successful and yielded highly ra diogenic Pb in this phase which is enrich­
eel in T h/U. Ages by ali P b-U-T h methods were deter mi ned on ADOR. This is the first t ime that self­
consistent Pb-U or Pb-T'h ages have been determined on a met eorite . As is manifest from the exist ing
data in the literature, Pb -Pb mode l ages are not sufficient to define a reliable age [cf. (15)] . Ali th ree in ­
dependent ages on t he whitl ockite and the total rock ages are in agreement within experimental errors
and de monst rate the existence of plan etary differen t ia tes at 4.55 AE wit hin an error of ± 0.05 AE. The
gap in time between this age and the Pb mod el ages for the earth and the moon (- 4.45 AE ) urgently
demands a 'solut ion . Sm-Nd measurements were carried ou t at UCSD to establish the
feas ibility of determini ng an internal isoehron . T wo samples were an alyzed-e-the p >3.3 fraetion and a
single gra in of whitlockite ( - 1.2 mg). Fract ions of both separatas weve di ssolved and aliquots of each
sarnpie sp iked. Only the spiked a liquots have so far been an alyzed. T he Sm/Nd rat io in whitloekite is ex­
tremely low (0.215) wh ile t he NcI concen trat ion is - 600x chondr it ic. The pyroxene exhibits Sm/Nd only
6% higher than found in tota l rock sa mp les of eucr ites , The sp read in Sm/Nd between samples is 59%.
T he slope of the line determ ined by the dat a yields an appar ent age of 4.42 AE . Ho wever, the caleu la t ed
1 ~ :lNd/I 41Nd is eriti cally dependent on the ass umed 112Nd/IHNd ra tio, and a reliable age can only be assess­
ed after measurement of the unspiked aliquots,
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