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Conditions and Time of Chondrule Accretion 

R. Hutchison and A. W. R. Bevan 
Depa,rtment of Mineralogy, British Museum (Natural History), London SW7 5BD, England 

We studied a suite of ten H-group chondrites as coexisting mineral assemblages that, at least in part, shared 
the same history. Textural observations indicate that Tieschitz (H3) accreted when some chondrule liquids 
were still plastic; dark rim material was already present and deformed with the chondrules. We argue that 
dark rims ( dark matrix) probably represent quenched liquids, and that the ordinary chondrites accreted hot, 
at 800" ± 100°C. Most chondrules, clasts, and glassy objects in ordinary chondrites have modal or normative 
feldspar or feldspathoid that is soda-rich, but in petrologic types 3 and 4 some of the silicate components have 
modal or normative calcic plagioclase. Thus it appears that a minority of chondritic silicates had a 
calcium-rich, sodium-poor "noritic" source distinct from that of most chondrules. Individual chondrules and 
glassy objects in Manych (L3) (Dodd, 1978a,b) have Ca/Al atomic ratios ranging from almost zero to over 
1.6, indicating that vapor fractionation was not a major factor in producing chemical variation among 
chondrules. Instead, we argue that crystal-liquid fractionation was a more probable mechanism, and that 
some planetary differentiation preceded accretion of the ordinary chondrite parent bodies. Metal in 
unreheated H-group chondrites comprises a-kamacite, "zoneless plessite," -y-taenite, and -y-tetrataenite, in 
order of increasing Ni content. In Kemouve (H6) observed zoneless plessites have structures that coarsen as 
their bulk Ni content decreases from 15 to 10 wt.%. Zoneless plessites did not exchange Fe and Ni with 
neighboring metal, and each formed by internal decomposition of martensite. Formation of martensite in the 
observed composition range normally requires rapid cooling to below 500°C. Solid state diffusion of Ni in 
ordinary chondrites was more localized than the Wood (1967) cooling model requires. A mechanism is 
necessary to produce compositional variation among the metal particles inherited by these meteorites before 
the onset of slow cooling. Vapor fractionation ( condensation) seems less likely than crystal-liquid fractiona-
tion, which is compatible with the formation of silicate chondrules. The ordinary chondrites apparently 
accreted after some planetary objects had formed and differentiated. If this is so, the meteorites may be able to 
provide only indirect evidence on the former presence of a solar nebula. 

INTRODUCTION 

It is often argued that the ordinary chondrites formed by cold accretion of chondrules, metal, 
sulfide, and low temperature matrix, followed by thermal metamorphism under either closed 
(Larimer and Anders, 1967; Larimer, 1973) or open (Wasson, 1974) system conditions. In either 
case the presence of a "solar nebula" during chondrule formation and/ or accretion is usually 
postulated (e.g., Larimer and Anders, 1967; Dodd, 1978b; Clayton, 1981; Grossman and Was-
son, 1981; Scott et al, 1982; Taylor etaL, 1982). For the past six years, in collaboration with S. 0. 
Agrell, J. R. Ashworth, H.J. Axon, and M. Christophe Michel-Levy, we have tried to take a fresh 
look at the petrography and mineralogy of a suite of H-group chondrites. We attempted to observe 
them as rocks, coexisting assemblages of silicate, metal, and sulfide minerals that, at least in part, 
shared the same history. Our conclusions favor the formation of ordinary chondrites by the hot 
accretion of chondrules and imply that no direct evidence of a solar nebula may exist. As our 
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collaborators may not share our more radical views, we accept sole responsibility for the 
conclusions stated here. 

TEXTURAL OBSERVATIONS 

We define chondrules as objects that were undoubtedly liquid before or during the accretion 
period( s) that led to the formation of chondrites, and recognize as chondrules subspherical masses 
of mainly silicate, ranging through silicate plus metal-sulfide, to metal-sulfide (Bevan and Axon, 
1980). In addition, we also recogniz.e irregularly-shaped objects as chondrules if they satisfy the 
"liquid before or during accretion" criterion. Except for Dodd's specification that chondrules are 
"chiefly silicate," we generally accept his definition as stated at the Conference on Chondrules and 
their Origins. 

In Tieschitz, one of the least metamorphosed chondrites studied by us, round chondrules and 
angular clasts have dark rims (dark matrix) on most surfaces (Christophe Michel-Levy, 1976). 
Between chondrules and clasts, channels up to some tens of micrometers wide are sometimes 
present; these are filled with "white matrix" (Christophe Michel-Levy, 1976), which is domi-
nantly composed of nepheline plus albite in elastic porous aggregates (Hutchison et al., 1979). In 
rare instances there is evidence that chondrules aggregated as groups or clusters when one or more 
of the objects was molten or plastic. For example, the I-mm-long object in Fig. 1 has its irregular 
outline (shown by arrows) surrounded by a dark rim, although in places it is very thin. Five more 
regularly-shaped silicate chondrules (four are visible in Fig. 1) and three metal grains abut the 
object, which is composed of a lilac-colored, partially devitrified glass with olivine dendrites and 
phenocrysts. The olivines are concentrated around the margins, and some dendrites extend 
inward from them, indicating that cooling and crystallization occurred from the presently 
observed surface. Furthermore, the shape of the object, which we call a chondrule, must have been 
determined before the onset of crystallization of an optically continuous olivine dendrite 0.2 mm 
long. It seems inescapable-that the irregular outline of the chondrule was determined, while it was 
molten and after it had picked up its dark rim, by the impingement of solid silicate and metal 
objects upon it. A second silicate object, regarded by us as a chondrule, had a similar agglomera-
tion history (Fig. 4 of Hutchison et al, 1979). This is a microcrystalline pyroxene chondrule whose 
dark rim is folded around a tongue-like extension apparently trapped between two impinging, 
regular silicate chondrules (Fig. 2). Bevan and Axon (1980) recogniz.ed clusters of metal-sulfide 
chondrules that have dark matrix (rim) material between the components (their Figs. la and lb). 
In these cases aggregation occurred after dark rims had been acquired, but before solidification 
was complete everywhere. The aggregating objects could not have been thoroughly molten on 
accretion, otherwise they would have coalesced (Bevan and Axon, 1980). 

These textural observations indicate that dark rim material was added to at least some silicate 
and metal-sulfide chondrules when they were hot. The ambient temperature during the aggrega-
tion of some groups of chondrules must have been high, otherwise millimeter-sized droplets of 
liquids would have quenched before plastic deformation occurred. 
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164 Chondrules and their Origins 

Fig. 1 Tieschitz deformed chondrule, C6. Scale bar = 100 µm. The margins are 
indicated by arrows. Olivine phenocrysts/dendrites are set in a sodium-rich, nepheline 
normative glass and are Fo98_91 in composition, except for a few more iron-rich crystals, 
one of which is indicated (Fo85 ). The 200-µm-long bifurcating dendrite, like an elongate 
letter "Y", is in optical continuity, testifying to its crystallization after the chondrule had 
been deformed. It ranges from Fo97 near the margin to Fo89 • 

Ashworth (1977, 1981) used high-voltage transmission electron microscopy (TEM) to 
examine the fine structure in the dark rims of chondrules. He found these "non-elastic" rims to be 
compact, with few voids in comparison with the coarser-grained "elastic matrix" between 
chondrules ( cf. Huss et al, 1981, p. 45). Ashworth found the dark rims on Chainpur chondrules to 
be uniformly very fine-grained (Ashworth, 1977), whereas some of those in Tieschitz contain 
microphenocrysts of olivine (Ashworth, 1981). Very fine-grained (submicrometer) rim material 
always makes sharp contact with chondrule margins or microphenocrysts. More recently, Ash-
worth (personal communication, 1982) found that dark matrix in Bishunpur (LL3) contains 
subspherical vugs that occur singly or in groups. Their size (in the micrometer range) contrasts 
with the grain size of the matrix, which ranges from about 0.1 µm to amorphous. In each of the 
three type 3 ordinary chondrites, metal-sulfide-rich areas of dark matrix were observed. 

Because of their very fine grain size, Ashworth originally (1977, p. 31) likened dark rims to 
rapidly crystallized melts or glasses ("impact splashing?"); this conclusion seems to be reinforced 
by his observations on Bishunpur. The amorphous areas in the matrix may, in fact, be glasses, and 
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Fig. 2 Tieschitz deformed("squeezed") chondrule. Scale bar = 50 µm; in-
terference contrast. The dark rim has deformed around a tongue-like exten-
sion of the chondrule on the right. The spots indicate the approximate 
positions of points taken for analysis no. (4), Table 1; the arrows, of no. (3). 
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it seems impossible to produce subspherical vugs of diameter much greater than the average grain 
size by a process other than solidification of gas "bubbles" in a melt. Accretion of dust grains onto 
chondrule surfaces, a process favored by Allen et al. (1980), seems unable to account for the 
observed textures unless special conditions prevailed, such as solution to produce the vugs, 
deposition or recrystallization to seal intergranular pores, and hydrothermal alteration to produce 
amorphous areas without attacking metal or chondrule margins. Under reflected light, the dark 
matrix in Bishunpur is seen to fill deep embayments in silicate chondrules, metal, and sulfide (Fig. 
3), indicating that it may have been intrusive. Taking all the textural evidence together, we suggest 
that the dark matrix was liquid when added to chondrules ( silicate and metal-sulfide) and clasts. It 
was, therefore, probably hotter than 9000C, the Fe,Ni-S eutectic temperature (Smith and 
Goldstein, 1977), and some of the still-molten chondrule precursors must have been even hotter. 

CHEMICAL OBSERVATIONS 

Here we emphasize chemical differences within the various components of some ordinary 
chondrites. In contrast, previous workers tended to use average compositions of suites of chon-
drules (e.g., Gooding et al., 1980; Lux et al, 1981), or trends within suites of chondrules (e.g., 
Dodd, 1978b ), in their efforts to determine chondrule origins, and Huss et al. (1981) quoted mean 
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166 Chondrules and their Origins 

Fig. 3 Bishunpur metal-sulphide intergrowth "intruded" by black matrix. 
Scale bar = 50 µm; interference contrast. Two white spots indicate the 
positions of analyses of black matrix; the spot designated by the arrow shows 
no. (4), Table 2. Note that analysis no. (3) was performed on a point some 1.5 
mm distant. 

bulk compositions for "recrystallized" matrix and "opaque" matrix in an attempt to understand 
the genesis of chondrites. 

Silicate liquids 

Dodd (1978b, p. 77) remarked on the "wide scatter" in the Ca/ Al ratios ofManych droplet 
chondrules and glasses, and hence concluded from that and Na/ Al relationships that vapor 
fractionation was only a minor factor in producing the "diversification of chondrules." More 
specifically, Ca and Al should not fractionate from each other in a gas of solar composition below 
about 15500K, a temperature at which Na would be wholly gaseous (Grossman, 1975; Gana-
pathy and Anders, 1974). By using Dodd's (1978a,b) data in plotting Na/ Al (atomic) against 
CaO for Manych microporphyritic chondrules, droplet chondrules, and irregular glassy objects 
(Fig. 4a ), it is shown that some fractionation process had operated. There is a hiatus between a 
group of droplet chondrules and microporphyritic chondrules with Na/ Al below 0.31, and a 
larger group that includes glasses with Na/ Al greater than 0.62. In this second group there is no 
correlation between Na/ Al ratio and CaO content, but in the group with low Na/ Al, there is a 
weak negative correlation (r = 0.75) with CaO. Of the ten members of the low Na/ Al group, 
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Fig. 4 (a) Na/ Al atomic ratio vs. CaO in wt.%. Dots: Manych droplet chondrules; solid circles: 
Manych glasses (Dodd, 1978b); triangles: Manych microporphyritic chondrules (Dodd, 1978a). 
Shaded area: Bishunpur dark matrix (this work) includes average opaque matrices of Tieschitz 
and Bishunpur (Huss et al., 1981); the open circle on the lower margin is the L-group mean (Dodd, 
1978b}. Solid stars, (3)-(5): Tieschitz black matrix, Table 1. WM and LG= white matrix and lilac 
glass (Tieschitz, Table 1). 28 = glass selvage No. 28 from Dodd (1978b). Land D = light and dark 
glasses (see No. 36 in Dodd, 1978b). The line, lower left, is the best fit to the low Na/ Al points. (b) 
Ca/Al atomic ratio vs. Na20 in wt.% shows extremes in Ca/Al ratios in Manych chondrules and 
glasses (Dodd, 1978a,b) and extreme Na20 enrichment coupled with very low Ca/ Al in the 
mesostasis of a Mezt'i-Madaras chondrule (MM), No. XXI of Kurat ( 1967). 49 = Manych nepheline 
normative droplet chondrule (Dodd, 1978b); remaining symbols as in (a). Horizontal line repre-
sents the mean ordinary chondritic Ca/Al, 0.74. 

seven have normative hypersthene and normative calcic plagioclase, and an additional two have 
normative anortbite dominant over minor normative nepheline; the tenth member is too under-
saturated to have normative anorthite. The calculation of the norm is a convention for expressing a 
bulk analysis as a theoretical mineral assemblage, and the small degree of silica undersaturation 
implied by two of the norms may not be significant. These two objects would then be troctolitic in 
composition (No. 60 and lA of Dodd, 1978b) and so could be genetically related to the seven 
objects whose normative mineralogy is noritic. The tenth object is a barred olivine chondrule that 
may be unrelated to the others, or else it could be a rare example of a chondrule that lost silica by 
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168 Chondrules and their Origins 

vapor fractionation. Whatever its origin, Manych certainly contains chondrules of noritic affinity 
that are distinct from those with more normal, higher Na/ Al ratios. 

A chondrule with noritic modal mineralogy was found in Goodland (L4) (Hutchison and 
Graham, 197 5), and several occur in Kramer Creek (L4) ( Gibson et al., 1977). A further example 
of noritic material in an ordinary chondrite is a crystalline norite clast in Tieschitz (Hutchison, 
1982) that is partly rimmed and embayed by dark matrix (Fig. 5). Finally, the significance of an 
anorthositic inclusion in Bovedy (L3) has already been discussed (Graham et al, 1976; Hutchi-
son, 1982). Such materials, though uncommon, seem to have been distributed among type 3 and 4 
ordinary chondrites. 

Figure 4b illustrates the extremes of Ca/ Al variation and Na20 enrichment among the 
components of unequilibrated ordinary chondrites. In Manych, the highest Ca/ Al ratios (about 
1.6 atomic) in the objects studied by Dodd (1978b) occur in devitrified glass and are attributable 
to calcic pyroxene. In contrast, a barred olivine chondrule has the lowest Ca/ Al ratio coupled with 
the highest Na2O content (No. 49 of Dodd, 1978b ). This chondrule is silica-undersaturated, there 
being 26% nepheline in the norm. Other examples ofNa2O and Al2O3 enrichment coupled with 
depletion in CaO are apparent in chondrule mesostases, such as the lilac-colored glass in the 
deformed Tieschitz chondrule (Table 1). An even more extreme case occurs in a Mez~-Madaras 
chondrule (Kurat, 1967) that is also highly enriched in FeO relative to MgO. [The 100 
FeO/(MgO + FeO) atomic ratio is about 90.] Both mesostases are highly nepheline normative, 
and other similar examples exist (Kurat, 1967, 1971). Dodd (1978b) pointed out that Ca/ Al 
increases with SiO2 content, ascribing this to an increasing Ca-pyroxene component in Manych 
liquids. The opposite trend of Ca-pyroxene removal may have operated to enhance SiO2 and CaO 
depletion in nepheline normative chondrule liquids observed in Tieschitz and Mezl)-Madaras by 
Kurat (1967, 1971). 

From the foregoing discussion we are led to conclude that chondrules and their associated 
glasses comprise three broad petrologic groups: (1) "noritic," with low Na/ Al; (2) hypersthene 
normative with high Na/ Al; and (3) nepheline normative, also with high Na/ Al. Dodd (1978b) 
did not recognize the groups. His use of the relative proportions of normative olivine, pyroxene, 
and feldspar (both calcic and sodic ), omitting nepheline, in all his analyzed chondrules and glasses 
together seems to have obscured trends within the groups. We believe that his dismissal of 
crystal-liquid fractionation as an important mechanism is not justified. Theories for the origin of 
chondrules must account for the chemical differences between the groups. In the nepheline 
normative group the more volatile Na2O seems to correlate with refractory Al2O3, so we reject 
vapor fractionation or recondensation during chondrule formation. In this respect we agree with 
Dodd ( 1978b) rather than Kurat (1967, 1971, 1982). However, Dodd's ( 1978b) theory of a single 
olivine porphyry parent, if it has a chondritic Na/ Al ratio, could not yield the "noritic" suite of 
chondrules by selective sampling of different proportions of its component minerals. Partial 
melting and removal of a Na2O-rich liquid followed by melting of the CaO-enriched residue 
would be required. Furthermore, without vapor fractionation or high pressure, nepheline norma-
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Fig. 5. Detail of margin of norite clast in Tieschitz (see Hutchison, 1982, Fig. 
4). Scale bar= 50 µm; interference contrast. Note the penetrating wedge of 
dark matrix (shown by arrow). An elongate, anhedral calcic plagioclase 
crystal is labeled "pl." 
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tive liquids cannot be produced from a hypersthene normative parent. Under these circumstances 
each of the three groups of chondrules requires its own chemically distinct source. 

The case is strongest for the "noritic" suite of chondrules and clasts. These have lunar 
highland or eucritic affinities and testify to a parentage of volatile-poor, differentiated planetary 
material. The noritic clast in Tieschitz predates its dark rim, and the meteorite has an internal 
Rb-Sr isochron age of 4.53 Ga (Minster and Allegre, 1979), so it is not a "young" regolith breccia. 
The anorthositic inclusion, with a high positive Eu anomaly, in Bovedy (L3) is also taken as 
evidence that planetary differentiated material was available at the time of accretion of the 
ordinary chondrites (Graham et al, 1976; Hutchison, 1982). 

Inter-chondrule matrices 

We have already argued that the white matrix in Tieschitz represents expelled, fractionated, 
nepheline normative chondrule liquids (Hutchison et al, 1979). A representative analysis is given 
in Table 1 and plotted in Fig. 4, with an analysis of the lilac glass in the deformed chondrule (Fig. 
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170 Chondrules and their Origins 

Table 1. Compositions of Tieschitz chondrule glass and matrix. 
Lilac glass White matrix Dark matrix 

(1) (2) (3) (4) (5) 
Si02 51.3 56.2 29.4 45.2 40.0 
Ti02 0.97 0.50 
Al20 3 21.7 18.3 3.26 3.56 4.2 
Cr20 3 0.37 0.50 0.42 
FeO 2.10 4.75 22.1 22.8 23.5 
MnO 0.09 0.32 0.56 
MgO 3.80 3.32 17.0 21.4 17.4 
CaO 6.17 3.85 0.37 1.57 3.0 
Na20 11.3 8.89 2.05 1.96 1.7 
K20 0.60 0.40 0.18 0.15 0.25 
P20s 0.16 0.17 
FeS 21.5 
Sum 98.40 96.21 96.84 97.79 90.05 

Ca/Al 0.26 0.19 0.10 0.40 0.65 
F/FM 24 44 42 37 43 

Ca/ Al = the atomic ratio. F / FM = I 00 (Fe0 + Mn0):(Fe0 + Mn0 + Mg0) molecular ratio. 
(I) Lilac-colored glass, chondrule C6 (Fig. I). Analyzed by S. 0. Agrell and R. Hutchison. 
(2) White matrix. Analyzed by S. 0. Agrell and R. Hutchison. 
(3)-(5) Dark matrix. (3) and (4), means of 8 points each, "squeezed chondrule" (Fig. 2). Analyzed by R. 

Hutchison. All of the above are energy dispersive microprobe analyses. 
(5) Wavelength dispersive analysis, based on Christophe Michel-Levy (1976, Table 1). 

1) for comparison. Tieschitz black matrix (Table 1 and Fig. 4; Huss et al, 1981) has a variable but 
low Ca/ Al ratio, a variable but high Na/ Al ratio, and a uniform Na20 content (1.5-2.05 wt.%). 
The FeO/(FeO + MgO) molecular ratio ranges upwards from 0.37 (this work and Christophe 
Michel-Levy, 197 6), the mean figure of Huss et al ( 1981 ), 0.64 for "opaque" matrix, being atthe 
high end of our range. From only eight analyses, four of which appear in Table 2 and are plotted in 
Fig. 4, the black matrix in Bishunpur has a more variable Na20 content than that in Tieschitz, but a 
more uniform Ca/ Al ratio. The FeO/(FeO + MgO) ratio extends from 0.35 to 0.70. The mean 
composition of Bishunpur "opaque" matrix of Huss et al ( 1981) lies within the range of our few 
analyses. From their chemistry we cannot infer with certainty the origin of black matrices, but 
from Ashworth's observations (already discussed) we suggest that liquids were involved. In 
Bishunpur, one variety of black matrix is fairly rich in A120 3, Cao, and Na20, and the silicate 
portion could represent a chondrule liquid depleted in olivine. This liquid could be related to a 
devitrified glass selvage (Table 2, Fig. 4) around a porphyry clast in Manych; clearly Dodd 
(1978b) interprets the selvage (No. 28) as a solidified liquid. Even if we are ultimately proven 
wrong, it seems premature to dismiss the possibility that black matrix was added to chondrules and 
clasts as a liquid; certainly, we have already demonstrated two instances in which chondrules and 
dark matrix rims were deformed when hot (Figs. 1 and 2). 
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Table 2. Comeosition and norms, Bishuneur black matrix. 
Glass 

Black matrix No. 28 Molecular norms 
(1) (2) (3) (4) (5) (3) (4) (5) 

SiO2 37.8 35.9 47.0 47.6 40.5 Qtz 3.7 3.7 
TiO2 0.05 0.03 0.07 0.04 0.15 Or 3.0 3.0 1.5 
Al2O3 2.29 2.07 6.50 6.12 3.5 Ab 35.0 30.0 7 .5 
Cr2O3 0.39 0.23 0.36 0.46 0.5 Ab 35.0 30.0 7.5 
FeO 36.2 43.7 12.1 10.0 24.1 Ne 4.5 
MgO 14.1 9.90 12.0 9.66 27.5 Di 9.6 14.0 4.0 
eao 1.34 0.99 2.28 3.46 1.3 Hyp 35.2 44.6 
Na2O 1.17 0.70 3.35 2.72 1.7 01 15.0 80.7 
K20 0.45 0.44 0.25 Cm 0.5 0.6 0.5 
P2Os 0.18 0.12 0.03 0.03 11 0.2 0.1 0.2 
FeS 0.62 0.44 3.26 4.66 
Fe,Ni* 1.16 1.14 2.68 3.32 

Sum 95.30 94.23 90.08 88.51 99_9t 100.0 100.0 99.9 

Ca/ Al 0.53 0.43 0.32 0.51 0.34 
F/Fm 59 71 36 37 33 

*Fe,Ni calculated from Ni content assuming 50% Ni in metal. 
tTotal includes 0.4% MnO. Ca/ Al= the atomic ratio. F/ FM= 100 FeO/(FeO + MgO) molecu-
lar ratio. 
(l)-(4) Wavelength dispersive microprobe analyses of Bishunpur black matrix. For location of 
analysis no. 4, see Fig. 3. Analyzed by R. Hutchison. 
(5) Microprobe analysis of glass selvage no. 28, in Manych (from Dodd, 1978b). Molecular norms 
are used because they approximate closely to volume proportions; they are calculated from the 
atomic proportions of the constituent oxides when recalculated to 100%. 

Based on Fig. 4, we conclude that dark matrices cannot have been parental to chondrules by 
melting and reduction followed by removal of metal, as proposed by Scott et al (1982). All dark 
matrix compositions have Ca/ Al ratios lower than the H- and L-group averages, 0.74 atomic 
(from 1.10 wt.; Ahrens, 1970), and the spread of ratios is more limited than that among 
chondrules and related glasses. We reiterate that chondrules apparently require two stages of 
chemical fractionation for their production. 

Metal 

Bevan and Axon (1980) showed that metal and sulfide in Tieschitz (H3) retain textural 
evidence of a primary molten stage in their history. Furthermore, through their interpretation of 
polycrystalline -y-taenite, they suggested that heterogeneities were produced in the primary metal 
population, during or before accretion, by non-equilibrium solidification. Hutchison et al. ( 1981) 
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172 Chondrules and their Origins 

Fig. 6 Zoneless plessite (a+ -y) Fe,Ni grain in Kernouve. Scale bar= 25 µm; 2% nital 

etch. Note the blocky texture. One a-and two -y-crystallites are labeled, one of the latter 

belonging to a group of -y-taenite crystallites developed along metaVsilicate interfaces. 

extended this interpretation to the equilibrated H-group chondrites, although here crystallization 

and solid state diffusion during cooling from high temperatures have all but obliterated textural 

evidence of a solidification history in their metallic minerals. However, it is worth remembering 

that, in parallel with the metal, most of the evidence of silicate solidification has also been 

destroyed in type 6 chondrites, leaving rare relic chondrules as the only testimony to an earlier 

molten stage. 
In addition to a-kamacite, zoned -y-taenite, and -y-tetrataenite, unreheated equilibrated 

(types 4-6) ordinary chondrites also contain small (25-100 µm) two-phase (a + -y) particles 

lacking an overall Ni zonation and -y-taenite rims. Instead, they consist of continuous micrometer-

sized intergrowths of a + -y showing either blocky morphologies (Fig. 6) or a-kamacite and 

-y-taenite blebs and lamellae in regular orientation (Fig. 7). Occasionally, small areas of -y-taenite 

occur along metal-silicate grain boundaries. These particles were noted by Sears and Axon ( 1975) 

and labeled "zoneless plessite." In section, zoneless plessite grains always appear to be enclosed in 

silicate chondrules or in large crystals of silicate in matrix, which may be recrystallized chondrule 

fragments. 
Zoneless plessite occurs in all ten H-group chondrites studied by Hutchison et al (1981). 

Here we present metallographic and microprobe data on zoneless plessite grains in Kernouve 
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Fig. 7 Zoneless plessite (a+ -y) grain in Kernouve. Scale bar= 25 µm; 2% nital etch. 
Note the pseudo-Widmanstatten pattern. 
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(H6). This meteorite is unbrecciated, unshocked, and was not reheated subsequent to its cooling 
from peak ("metamorphic") temperatures, which allowed the crystallization of its metal and 
silicate. Many of the other features of its metallic minerals are typical of unreheated H-group and 
other ordinary chondrites. 

In fine-structured zoneless plessite grains it was impossible to resolve their a and 'Y phases by 
microprobe. Instead, spot analyses yielded compositions approximating the bulk composition of 
the. particle. More coarsely-structured zoneless plessite particles in Kemouve have a-kamacite 
with 5-6 wt.% Ni (0.6-0.8% Co) and y-taenite with up to 51% Ni (Fig. 8), indicative of 
equilibrium at 350'C. Analyzed zoneless plessite grains in Kemouve have variable (10-15 wt.%) 
bulk Ni contents and are enriched in Ni and Co relative to the whole meteorite bulk metal 
composition obtained by wet chemistry (9 wt.% Ni; Hutchison et al, 1981; see also Fig. 8). 
However, all the particles analyzed have bulk Co/Ni ratios close to the cosmic ratio of 1:20 
(Cameron, 1973). 

Bulk compositions, which lie close to the whole meteorite bulk metal, and the absence of 
both continuous y-taenite rims and an overall Ni zonation clearly distinguish them from plessites 
formed from y-taenites, which are zoned and have higher (25-30 wt.%) Ni contents (Wood, 
1967). Zoneless plessite grains did not undergo extensive diffusive exchange of Fe and Ni 
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with neighboring metal particles during slow, post-accretion cooling. In this respect they deviate 
markedly from the cooling model of Wood (1967). 

The regular, pseudo-Widmanstlitten arrangement of a-kamacite and -y-taenite within zone-
less plessite grains is consistent with formation by decomposition of martensite (a2). Metal with 
10-15 wt.% Ni, rapidly cooled from temperatures of -y stability, undergoes diffusionless transfor-
mation to martensite in the temperature range 500°-3500C (Kaufman and Cohen, 1956). If 
subsequent cooling is slow enough, martensite can isothermally decompose to a + -y by the 
reaction -y - a 2 - a + -y. From laboratory experiments, martensite transformation morphologies 
vary from blocky irregular structures to acicular platy structures as the Ni content of the alloy 
increases (Speich and Swann, 1965), and this would be reflected in the structure of any subsequent 
decomposition product. It is significant that analyzed zoneless plessites with blocky a + -y 
structures have lower bulk Ni contents than those displaying pseudo-Widmanstlitten patterns, 
consistent with the experimental results. 

There appear to be a number of explanations as to how such particles may have originated. 
One possibility is that they had a different origin and thermal history from the remainder of the 
metal in the chondrites in which they occur and were formed in assemblages that pre-dated the 
aggregation of the chondrites. Gooding et al. ( 1979; Gooding, 1982) noted "martensite" particles 
with varying bulk compositions (10-20 wt.% Ni) in chondrites of types 3 and 4; these may be the 
same as zoneless plessite of Sears and Axon (1975). The former authors suggest that some angular 
metallic grains represent unmelted, pre-existing materials: it seems impossible that they could have 
survived alteration during incorporation into molten silicate chondrules. Alternatively, all the 
metal in the chondrite shared the same thermal history. In the highly equilibrated Kemouve, 
zoneless plessites coexist with a-kamacite, zoned -y-taenite, and -y-tetrataenite with compositions 
and structures indicative of an undisturbed cooling history. In addition, the bulk Co/Ni ratios tend 
to support a common origin for all the metal (Fig. 8). In any case, zoneless plessite grains must have 
been effectively isolated during post-accretion cooling until a late stage when, below 3500C, 
localized grain boundary or surface diffusion might have occurred along opening cracks in the 
surrounding silicates to produce small areas of -y-taenite along interfaces of zoneless plessite with 
silicate. However, this appears to have had a negligible effect on the bulk composition of the 
particles. 

Zoneless plessite particles are largest in unreheated type 6 ordinary chondrites. In Kernouve 
they have the same size range as zoned -y-phases and appear to be as abundant, although the actual 
proportion of the whole meteorite metal represented by zoneless plessite is unknown. The cooling 
rate model for the chondrites used by Wood (1967, 1979) assumes that a-kamacite was formed 
from -y-taenite of uniform composition by the process of solid state diffusion. Zoneless plessite 
testifies to the existence of metal of varying composition before the onset of slow cooling, and 
suggests that some of the metal did not undergo diffusive exchange of Fe and Ni. What effect this 
has on the estimation of cooling rates of the ordinary chondrites has yet to be determined, but rapid 
cooling to below 500°C to produce martensite is consistent with the model of hot accretion during 
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Fig. 8 Ni-Co relationships of metal in Kernouve. Open stars represent resolved 
a-kamacite, solid stars resolved ')'•taenite, both in zoneless plessite grains. Contiguous 
phases are indicated by tie-lines. Open circles are bulk analyses of zoneless plessite 
grains. Circled stars are contiguous, massive a-kamacite (open) and ')'-taenite (dark 
border) in the matrix of the chondrite. The dotted line represents the lowest limit of Co 
within the composition range of contiguous a/ zoned -y-taenite in the matrix. The closed 
circle represents the whole meteorite metal, from "wet" chemical analysis (Hutchison 
et al., 1981). 
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rapid cooling proposed by Hutchison et al. (1980, 1981 ). It appears that before slow cooling, the 
ordinary chondrites acquired a chemically heterogeneous population of metal grains whose origin 
is still uncertain. A condensing solar nebula could have produced metal with up to 22 wt.% Ni and 
about 1 % Co (Kelly and Larimer, 1977). Subsequent oxidation of Fe could have achieved even 
higher Ni and Co abundances. Alternatively, some form of crystal-liquid fractionation ("non-
equilibrium solidification"), as proposed by Bevan and Axon (1980) for Tieschitz metal, cannot be 
ruled out; instead, it seems consistent with a simultaneous origin of chondritic silicate and 
metal-sulfide liquids. 
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CONCLUSIONS 

Christophe Michel-Levy (1981) argued that Tieschitz accreted below 3500C, but that H4, 
H5, and H6 chondrites accreted at successively higher temperatures up to 1000°C. Her estimated 
accretion temperature for Tieschitz is based on the form of free carbon in the meteorite. However, if 
we are correct in our interpretation of the dark matrix as solidified liquids, the carbon must have 
been introduced at a cooler, post-accretion stage. From our own observations and those of 
Rambaldi and Rajan ( 1982), phosphate in type 3 ordinary chondrites is usually associated with 
metal, suggesting that elemental P expelled from cooling metal became oxidized to phosphate. The 
source of oxygen could have been gaseous CO or CO2, and graphite could have been produced by 
the reaction. 

Many workers [e.g., Dodd (1978b), Gooding et al. (1980), and Christophe Michel-Levy 
( 1981 )] have argued that chondrules formed by the melting of pre-existing differentiated solids. In 
general, differentiation is invoked only to account for metal-silicate fractionation. [In Dodd's 
(1978b) model, the olivine microporphyry parental to chondrules is formed from a melt after 
removal of immiscible Fe,Ni-S liquid.] Our conclusions go further, favoring fractionated planetary 
precursors for chondrules and their associated clasts and liquids, and hence support the models of 
Zook ( 1980) for chondrule and chondrite formation and of Smith ( 1979) for planetary formation. 
A two-component model is certainly demanded by the oxygen isotopic data (Oayton, 1981). 
Clayton argues that ordinary chondrites formed from two reservoirs, one of solids enriched in 160, 
the other gaseous and 160 depleted. Other gaseous reservoirs are required to account for isotopic 
mixing among other groups of meteorites. These reservoirs, he suggests, could have been produced 
in giant gaseous protoplanets. 

The "noritic" component in ordinary chondrites seems to require the existence of a differen-
tiated, volatile-poor lunar or eucritic type of planetary body before the accretion of the ordinary 
chondrites. Such a body could also have been a source of heterogeneous Fe,Ni-S liquids. In 
addition, a volatile-bearing source is required, so that some model based on collision between a 
partly molten, differentiated volatile-poor body and a gaseous protoplanet seems appropriate for 
the genesis of chondrules and the ordinary chondrites. The model could include aerodynamic 
sorting among the metal and silicate components of chondrites (Dodd, 1976) and the addition of a 
mist of liquid droplets to solid and plastic chondrules and clasts to produce dark matrix. Material 
that accumulated on a substrate (planetary fragment?) soon after the collision would have been 
buried and more slowly cooled (type 6) than the material that arrived later (types 3 and 4). The 
later accreted material would have been near the planetary surface and so could have received 
components (C-chondrite, "noritic" material?) from exotic sources. 

The existence of differentiated precursors to ordinary chondrites was argued by Hutchison 
( 1982), partly on the basis of age and isotopic data on differentiated meteorites. More recently it 
was shown that isotopic closure of Ag and Pd occurred in Cape York (Chen and Wasserburg, 
1982) and in Grant (Kaiser and Wasserburg, 1983), while the short-lived 107Pd was extant. Cape 
York certainly solidified from a melt (Esbensen and Buchwald, 1981), and the new data 
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strengthen the view that differentiation in planetary bodies occurred very early. The implication is 
that Urey (1959) may have been correct in maintaining that the solar system comprises primary 
and secondary planetary objects, although many of the interpretations on which his idea was based 
are no longer tenable. If ordinary chondrites really are reworked planetary materials, they cannot 
provide direct evidence for the former existence of a solar nebula, so other hypotheses of planetary 
origins ought to be reconsidered. For example, Woolfson's (1978) capture theory of the origin of 
planets demands a collision between gaseous protoplanets, but assumes that there was never a 
solar nebula. 
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