
5 3 ~ n - 5 3 ~ r  Dating of Fayalite 
initial 53Mn/55Mn ratios are inferred for five 
groups of differentiated meteorites: angrites, 
pallasites, IIIAB irons, noncumulate eucrites, 

Formation in the CV3 Chondrite and brachinites (21). These data suggest that 
aqueous alteration on the CI and CM asteroids 

Mokoia: Evidence for Asteroidal 
occurred nearly simultaneously with igneous 
differentiation on other asteroids, -5 to 20 My 
after CAI formation. The isotopic evidence for 

Alteration an extended time scale of secondary mineral- 
ization favors an asteroidal setting, but a nebu- 
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Douglas L. Phinney, Edward R. D. Scott be excluded (22). 
The fayalite grains occumng in the Bali-like 

Fayalite grains in chondrules in the oxidized, aqueously altered CV3 chondrite 
Mokoia have large excesses of radiogenic chromium-53. These excesses indicate 
the in situ decay of short-lived manganese-53 (half-life = 3.7 million years) and 
define an initial 53Mn/55Mn ratio of 2.32 (?0.18) X lo-=. This ratio is com- 
parable t o  values for carbonates in CI and CM chondrites and for several classes 
of differentiated meteorites. Mokoia fayalites formed 7 to  16 million years after 
Allende calcium-aluminum-rich inclusions, during hydrothermal activity on a 
geologically active asteroid after chondritic components had ceased forming in 
the solar nebula. 

Chondntes, which consist of chondrules, Ca- type, contain largely unaltered, rounded nod- 
Al-rich inclusions (CAIs), and matrix material, ules of metallic FeNi and troilite (FeS) and 
are a class of meteorites thought to represent glassy mesostases. In the Bali-like oxidized 
remnants of primordial solid particles formed in subgroup ( I  I), chondrules contain secondary 
the solar nebula (I). The chemical, isotopic, and phyllosilicates, magnetite, Ni-rich metal, pent- 
petrologic properties of the minerals in chon- landite [(Fe, Ni),S,], fayalite (Fa,-,,), and 
drites have been used to infer the chemical and Ca-Fe-rich pyroxenes varying in composition . - 
physical processes operating in the solar nebula. from FS,,W<, to Fs,,Wo,, (where Fs is fer- 
Unfortunately, chondrites are not pristine relics rosilite and Wo is wollastonite) (12). In the 
but were heated and altered during metarnor- 
phism, after their primary constituents had ac- 
creted into asteroids (2). Metamorphism may 
overprint the chemical and textural record of 
early solar system processes; initially, studies 
focused on carbonaceous chondrites (3), such 
as Allende and other members of the CV3 
group, because these meteorites appeared rela- 
tively free of secondary minerals produced dur- 
ing metamorphism and aqueous alteration (4). 
However, recent work suggests that compo- 
nents in Allende and most other CV3 chon- 
drites were altered after they formed (5-8). The 
question remains open as to where and when 
these secondary minerals formed: in the solar 
nebula before the chondrules, CAIs, and matrix 
material accreted, or on planetesimals (or CV3 
asteroids) after accretion (9). 

The extent and nature of the secondary min- 
eralogical changes in CV3 chondrites vary 
widely among the oxidized and reduced sub- 
groups of these chondrites. The reduced sub- 
group (10) exhibits minimal alteration; type I 
(MgO-rich) chondrules, the most abundant 
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Allende-like oxidized subgroup (II), fayalite 
and phyllosilicates are rare or absent (13, 14) 
and secondary fayalitic olivine (Fa,,,,), neph- 
eline, and sodalite are present instead. Second- 
ary minerals in the oxidized subgroups formed 
either in the solar nebula by gas-solid reactions 
above 800°C in an oxidizing environment (8, 
15) or in an asteroid at low temperatures 
(<300°C) during aqueous or hydrothermal al- 
teration (5, 6). 

Because metamorphism and alteration in 
asteroids continued long after the solar nebula 
had dissipated, determining the time of forma- 
tion of secondary minerals in chondrites can 
potentially distinguish between nebular and as- 
teroidal alteration. Three short-lived, and now 
extinct, radionuclides-26Al, 53Mn, and lZ9I, 
with respective half-lives of 0.75,3.7, and 15.7 
million years (My)--have been used to date 
secondary minerals (16, 17). The absence of 
radiogenic 26Mg, produced by the decay of 
26A1, in feldspathoids and grossular in most 
Allende CAIs suggests that alteration occurred 
at least 2 My after CAI formation (16), whereas 
I-Xe ages of Allende feldspathoids iidicate that 
these minerals formed at least 4 My after CAI 
crystallization (17). Carbonates in CI (Iwna, 
Orgueil) and CM (Nogoya) carbonaceous 
chondrites, which formed by aqueous alteration 
on their parent asteroids (I@, contain excesses 
of radiogenic 53Cr with inferred initial 53Mn/ 
"Mn values of -2.0 X (19, 20). Similar 

oxidized subgroup of CV3 choidrites are large 
(up to 100 pm in size) and have high Mn/Cr 
ratios (>lo3) (23, 24), two important prerequi- 
sites for a successful search for radiogenic s3Cr 
from the decay of 53Mn. Here, we report an ion 
microprobe study of the 53Mn-53Cr isotope sys- 
tematics of fayalite in type I chondrules in a 
Bali-like oxidized CV3 chondrite, Mokoia, to 
determine the time scale of alteration and thus 
the environment in which alteration of the CV 
chondrites occurred. 

Type I chondrules in Mokoia are composed 
mainly of forsteritic olivine (Fa,) and low-Ca 
pyroxene (Fs,Wo,) phenocrysts, interstitial 

Fig. 1. Backscattered electron images of the oxi- 
dized CV3 chondrite Mokoia. (A) Irregularly 
shaped, type I (Mg-rich) chondrule 8 in the center 
is surrounded by a fine-grained matrix (mx) and 
contains numerous nodules of magnetite, sul- 
fides, and associated fayalite (Fa,,d surrounded 
by darker olivine (Fa,) and pyroxene (Fs,Wo,). (B) 
The upper fayalite grain in (A), showing inclusions 
of magnetite (mgt) and sulfide (sf). The fayalite 
appears to have been replaced by hedenbergite 
(hed), which is in direct contact with phyllosilicate 
(ph). This fayalite shows the largest excesses of 
53Cr (see Fig. 2). 
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anorthtic mesostases with crystals of high-Ca 
pyroxene (Fs, Wo3,-,,), and abundant magne- 
tite-sulfide nodules (Fig. 1A). Chondrule me- 

The Cr isotope compositions of four 0) at Mn8Cr = 0. indicates an initial abun- 
fayalite crystals in three Mokoia chondmles dance of j3Mn corresponding to 53Mni 
(chondrules 6. 8, and 9) were determined j51.1n = 2.32 ( i0 .18)  X at the time the 

sostases and pyroxenes are replaced by the 
phyllosilicates, saponite, and Na-phlogopite 
(Table 1) (14). Fayalite (Fa,,-,,,) is associated 
with magnetite, sulfides: and hedenbergitic py- 
roxenes (-Fs,,Wo,,) (Fig. 1B) and contains 
-0.2 to 0.9 weight % MnO and <0.02 weight 
% Cr203 (Table 1). Fayalite gains typically 
contain small inclusions of pure magnetite 
(Fe30,) (Fig. 1B). Type I chon&ules contain 
hvo types of magnetite: (i) grains in rounded 
nodules containing inclusions of sulfides and 
other phases and high abundances of minor 
elements (up to 2 weight % of Cr, P; Ca; and 
Mg), and (ii) massive magnetite associated with 

with an ion microprobe (26). These fayalites fayalites formed and cooled below the clo- 
have low Cr concentrations; only grain 1 sure temperature for Cr diffusion. 
from chondrule 9 contains >0.5 pg of Cr203 These data provide evidence for radiogen- 
per gram of crystal, and fayalite 1 from chon- ic 53Cr in fayalite in a chondritic meteorite. A 
drule 8 contains <SO ng of Cr,03 per gram. 
Each crystal was analyzed in two different 

previous study of fayalite grains in the Kaba 
CV3 chondrite failed to detect excess 53Cr 
and set an upper limit to the j3MdS5Mn ratio 
of 7 X (23): consistent with the lower 

spots, each - 10 pm in diameter. Large vari- 
ations in MdCr  ratios between the two spots 
of an individual ciystal, and within an indi- 
vidual analysis on a single spot, reflect het- 
erogeneity in the Cr,03 content of fayalite of 
up to a factor of -2 (Table 2 and Fig. 2). The 
uncertainties in MniCr ratios; particularly for 
fayalite in chondrule 8, reflect this inhomo- 
geneity in Cr,03. All four Moltoia fayalites 
show well-resolved excesses of 53Cr, ranging 

value reported here. Figure 2 is equivalent to 
a "whole-rock" isochron in which the four 
fayalite crystals may be considered to be 
cogenetic: if the data lie within analytical 
uncertainties of the best-fit line and the 
fayalite grains can be assumed to have 
formed with a common initial 53Cri52Cr ratio. 
Seven of eight analyses fall within two stan- 
dard deviations of the correlation line, sug- 
gesting that these fayalite grains in the three 
Moltoia cl~ondrules represent a cogenetic sys- 
tem and that the slope of the "isochron" can 
be used to infer the time of formation. 

The use of 53Mn as a chronometer requires 
Cr isotope differences between samples to be 
deteimined by differences in age and not by 
nebular isotope heterogeneity. The distribution 

these nodules, containing fewer inclusions and 
much lower abundances (c0.02 weight %) of 
minor elements. Fayalite preferentially replaces 
massive magnetite (24. 25). 

up to -1300 per mil, correlated with the 
respective 55Mn/52Cr ratios (Table 2 and Fig. 

Two models have been proposed to ex- 
plain the origin of the fayalite. According to 
the nebular model (24). fayalite was pro- 
duced by high-temperature (>800°C) reac- 
tions between Si0 gas. released by decompo- 
sition of pyroxene. and magnetite: 

2). The linear correlation between the mag- 
nitudes of the 53Cr excesses and the respec- 
tive Mn/Cr ratios is characteristic of the in 
situ decay of 53Mn and demonstrates that 
these fayalite crystals formed while j3Mn 
was still extant. The slope of the correlation 
line fitted to the data (Fig. 2), passing through 
the noi~nal Cr isotope composition (V3Cr = of 53Mn in the early solar nebula appears to 

Table 1. Electron microprobe analyses of fayalite (fa), hedenbergite (hed), saponite (sap), and phlogopite 
(phl) in Mokoia chondrules. Uncertainties (in parentheses) are one standard deviation of the mean. 

According to the asteroidal model, fayalite ch6 ch8 ch9 
foimed at low temperatures (<300°C) during Oxide 

fluid-rock interactions (5, 12, 25): (weight %) 
fa fa hed sap ~ h l  fa 

SiO, 
TiO, 

*IZ03 

CrzO, 
FeO 
MnO 
MgO 
CaO 
Na,O 

' ( 2 0  
Total 
Fa 
Fs 
Wo 

1. Ch. 6 /i 
~: Ek::#?Ij Ch. 9#2  

Table 2. Cr isotope composition of Mokoia fayalite. Letters "a" and "b" designate two sections of an 
analysis on an individual spot, separated by large variations in Mn/Cr [see (26)]. Uncertainties are two  
standard deviations of the mean. 

Fayalite 653Cr (per mil) 55Mn/52Cr 
Fig. 2. 53Mn-53Cr evolution diagram for four 
fayalite grains in  three magnesian (type I), por- 
phyritic olivine-pyroxene chondrules (Ch. 6, 8, 
and 9) in  the oxidized CV3 chondrite Mokoia. 
The slope o f  the line f i t ted t o  the data yields 
the  init ial  53Mn abundance a t  the  t ime of 
fayalite formation, (53Mn/55Mn), = 2.32 
( i 0 . 1 8 )  X lo-=. The data are plotted as Ss3Cr, 
the per m i l  deviation f rom the 53Cr/52Cr ratio 
measured in  a fayalite standard (26); errors are 
t w o  standard deviations of the  mean. 

Chondrule 6, l a  
Chondrule 6, I b  
Chondrule 8, l a  
Chondrule 8, I b 
Chondrule 9, l a  
Chondrule 9, I b  
Chondrule 9, 2a 
Chondrule 9, 2b 
Matrix 
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have been heterogeneous on a solar system- 
wide scale but homogeneous within the region 
in which the chondritic meteorites originated 
(27). However, the solar system initial abun- 
dance of 53Mn is not well determined, with 
inferred 53Mn/55Mn ratios spanning the range 
from 8.4 X to 4.4 X (27, 28). If we 
assume that the initial 53Mn/55Mn ratio appro- 
priate to the chondrites is represented by the 
average value measured in several Allende 
CAIs, 4.4 (21.1) X lo-' (28), we would con- 
clude that the Mokoia fayalites formed between 
14 and 17 My after Allende CAIs. If, instead, 
we assume an initial 53Mn/55Mn ratio of 8.4 X 

inferred from an intercomparison of the 
Mn-Cr and Pb-Pb chronologies of CAIs and the 
angrite differentiated meteorites (21, 27), we 
would calculate an interval roughly half as long, 
-7 My. 

Observations of pre-main-sequence stars 
and chronological data of primitive meteor- 
ites have been used to infer a lifetime for the 
solar nebula of -10 My, albeit with large 
uncertainty (29). The longer of the two Mn- 
Cr time scales places the formation of the 
Mokoia favalites at least 4 Mv after the neb- 
ula is believed to have dissipated, which sug- 
gests that the Mokoia fayalites formed in an 
asteroid and not in the nebula. The shorter 
interval falls near the upper limit of nebular 
lifetimes but allows for the possibility of 
alteration in a nebular setting. However, in- 
dependent of the Mn-Cr time scale, the in- 
ferred 53Mn155Mn value in the 41okoia 
fayalites falls within the range of values de- 
termined for carbonates in CI and CM mete- 
orites, believed to be produced by aqueous 
activity on asteroids (19, 20), and for several 
classes of differentiated meteorites (21). Be- 
cause the initial 53Mn/55Mn ratio found here 
agrees with values inferred for meteorites 
formed in asteroids, we conclude that fayalite 
in the CV chondrites foinled in an asteroid 
and not in the nebula. Because fayalite grains 
are partially replaced by Ca-Fe-rich py- 
roxenes (Fig. I), we infer that Ca-Fe-rich 
minerals also formed in an asteroidal setting. 

Our data indicate that although chondritic 
meteorites were affected by many different 
types of alteration processes: aqueous activity 
was occuiring nearly simultaneously on the 
parent bodies of at least three classes of un- 
equilibrated chondritic meteorites-CI, CM 
and CV-shortly after the parent bodies ac- 
creted. The time scale is consistent with heating 
of asteroids by 26A1 decay (30), leading to the 
production of liquid water by melting of ice, 
and suggests that water played an important 

occurring contemporaneously with aqueous ac- 
tivity on other, unmelted asteroids shortly after 
CAIs and chondrules formed in the solar nebula 
and planetesimals accreted. 
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