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Several low-Ni iron meteorites previously assigned to group IAB are reclassified IIICD on the 
basis of lower Ge, Ga, W and Ir concentrations and higher As concentrations; the low-Ni extreme 
of IIICD is now 62 mg/g, that of IAB is 64 mg/g. The resulting fractionation patterns in the two 
groups are quite similar. It has long been established that, in contrast to the magmatic iron 
meteorite groups, IAB and IIICD did not form by fractional crystallization of a metallic magma. 
Other models have been proposed, but all have serious flaws. A new model is proposed involving 
the formation of each iron in small pools of impact melt on a parent body consisting of material 
similar to the chondritic inclusions found in some IAB and IIICD irons, but initially unequili-
brated. These impact melts ranged in temperatures from ~ 1190 K to ~ 1350 K. The degree of 
equilibration between melt and unmelted solids ranged from minimal at the lowest temperature 
to moderate at the highest temperature. The lowest temperature melts were near the cotectic in 
the Fe-Ni-S system with Ni contents of ~ 12 atom % . Upon cooling, these precipitated metal 
having ~ 600 mg/g Ni by equilibrium crystallization. The Ni-rich melt resulted from the melting 
of Ni-rich sulfides and metal in the unequilibrated chondritic parent. Low-Ni irons formed in 
high temperature melts near the composition of the FeS-Fe eutectic or somewhat more metal 
rich. W e suggest that the decreasing Ge, Ga and refractory abundances with increasing Ni con-
centration reflect the trapping of these elements in oxide phases in the unequilibrated chondritic 
material, and that very little entered the Ni-rich melt parental to the Oktibbeha County iron. 
The remaining elements tended to have element/Ni ratios in the melts that were more or less 
independent of temperature. The remarkable correlation between I -Xe age of the chondritic in-
clusions and Ni content of the host metal is explained by a detailed evolution of (mega)regolith 
in which these groups originated. The most Ni-rich melts could only be generated from an un-
equilibrated chondrite parent; as the continuing deposition of impact energy produced increas-
ingly higher grades of metamorphism, the maximum Ni content of the impact melts (and their 
subsequently precipitated metal) gradually decreased. 

Introduction 

Eleven o f the 1 3 i r o n m e t e o r i t e g r o u p s [ 1 , 2 ] 
s h o w e v i d e n c e o f h a v i n g o r i g i n a t e d b y f r a c t i o n a l 
crysta l l i zat ion o f a meta l l i c m a g m a , as sugges ted 
f o r g r o u p I I I A B b y W a s s o n a n d K i m b e r l i n [ 3 ] and 
extens ive ly d o c u m e n t e d f o r n u m e r o u s g r o u p s b y 
Scot t [ 4 ] , T h e s e 11 g r o u p s are c o m m o n l y des ignat -
ed the " i g n e o u s " o r " m a g m a t i c " g r o u p s . 

W a s s o n [ 5 , 6 ] no ted that the a b s e n c e o f p r o -
n o u n c e d f r a c t i o n a t i o n s in g r o u p I A B was in-
cons is tent wi th its h a v i n g u n d e r g o n e f r a c t i o n a l 
crysta l l i zat ion , a n d that the p r e s e n c e o f u n f r a c -
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t ionated chondr i t i c + s i l icates o b s e r v e d in m a n y I A B 
i r o n s w a s incons is tent with the metal h a v i n g ever 
reached temperatures wi th in the me l t ing r a n g e o f 
such materials , r e p o r t e d t o b e 1 4 5 0 — 1 6 2 0 K f o r 
o r d i n a r y chondr i tes [ 7 ] . F o r m a t i o n ages o f I A B 
si l icates b a s e d o n R b - S r [ 8 ] , I - X e [ 9 , 1 0 ] a n d 
; 5 9 A r - 4 0 A r [ 1 1 ] techniques are wi th in e x p e r i m e n t a l 
uncertaint ies equa l to the 4 . 5 2 G y r a g e ( 8 7 R b d e c a y 
constant o f 1 . 4 2 • 1 0 - 1 1 y r _ 1 ) o f the s o la r sys tem, 
thus any h i g h t e m p e r a t u r e p e r i o d must h a v e o c -
c u r r e d very early in the h i s t o ry o f the s o l a r sys tem. 
Scot t and B i ld [ 1 2 ] s u m m a r i z e d data i n d i c a t i n g 
that the small g r o u p I I I C D h a d f o r m e d b y p r o c e s s e s 
very s imi lar to those that f o r m e d I A B . 

+ Throughout the remainder of this paper we use chron-
dritic in a relatively broad sense that allows minor amounts 
of melts to form in the material and in some cases to 
migrate. 
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Most members of group IAB fall in the dense 
" I A " cluster at the low Ni end of the group; Ni 
concentrations in IA range from 64 to 89mg/g. The 
group was gradually expanded toward higher Ni 
concentrations as precise analytical data on high-Ni 
meteorites were obtained. The latest and largest ex-
pansion just occurred; Kracher et al. [2] extended 
the group from 250 out to 585 mg/g Ni with the 
addition of the unique Oktibbeha County iron. In 
contrast, IIICD has remained essentially static in 
its configuration since it was first refined by Wasson 
and Schaudy [13] . We now report the results of a 
survey of elemental trends indicating that group 
IIICD should be extended down to a Ni concentra-
tion of 62 mg/g as a result of the addition of 6 
irons previously associated with IAB. 

The formation of IAB and IIICD has been dis-
cussed by Wasson [5, 6, 14], Scott [4, 15], Scott 
and Bild [12] , Bild [16] and Kelly and Larimer 
[17] . As discussed in more detail below, none of 
these studies produced a model capable of explaining 
all the properties of these groups. 

Redefinition of Groups IAB and IIICD 

Figure 1 shows the relative positions of groups 
IAB and IIICD on Ge-Ni and Ga-Ni diagrams 
published by Scott and Bild [12] . Group IIICD 
plotted belowT the IB portion of IAB with slightly 

steeper negative slopes. On an Ir-Ni diagram the 
relative positions of the IIICD and IAB fields are 
quite similar. Scott and Bild noted that the IIICD 
trends could be extrapolated to lower Ni values to 
include Mundrabilla and Waterville (designated by 
Xs in Fig. 1) but presented no justification for such 
an extrapolation, and these irons were later 
designated IAB-anomalous (IAB-An) by Scott and 
Wasson [1 ] . 

Willis and Wasson [18] surveyed all published 
analytical data on iron meteorites, including their 
own unpublished analyses of Co, Cu, As, Sb, W, Re 
and Au in 125 irons. Elemental data sets were select-
ed on the basis of quality criteria and, if necessary, 
multiplied by factors to eliminate systematic biases. 
These procedures resulted in a large quantity of 
first-quality data. New IAB and IIICD diagrams 
based on these data showed a number of significant 
differences between the twTo groups. At Ni concentra-
tions above 100 mg/g Cu, Ga, Ge, Mo, Ru, Sb, Re 
and Ir were distinctly lower and Co, As, and Au 
slightly higher in IIICD than in IAB. The differ-
ences between the two groups tend to decrease with 
decreasing Ni content, suggesting that some low-Ni 
IIICD members incorrectly designated IAB could 
now be recognized on the basis of more extensive 
and precise data. Examination of the compositions 
of individual meteorites has led us to the redefined 

Nicke! (mg/g) 

Fig. 1. Logarithmic plots 
of (a) Ga and (b) Ge against 
Ni for members of groups 
IAB and f U C D published 
by Scott and Bild [12]. 
Mundrabilla and Water-
ville (X) were identified as 
two possible low-Ni IIICD 
candidates at that time 
but were later classified as 
IA-An. In this paper 5 
low-Ni irons are added to 
group IIICD (see Table 1). Nickel (mg/g) 
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IIICD membership listed in Table 1. Group IIICD 
now extends down to a Ni concentration of 62 mg/g, 
slightly lower than the minimum of 64 mg/g Ni in 
group IAB. 

Figure 2 shows 9 log element-log Ni diagrams 
for the redefined groups IAB and IIICD. Regression 
lines [19] are shown for those cases where correla-
tion coefficients show high significance levels. The 
lines appear to be good approximations to the true 
distributions, but it is possible that the true trends 
should show some curvature on log-log diagrams 
such as these. At low Ni concentrations the two 
trends tend to converge, but even at the lowest Ni 
concentrations IIICD members plot below the IAB 
trend on Ga, Ge, W, Re and Ir and above the IAB 
trend on As element-Ni diagrams. In general, precise 
concentration data for 4 elements, Ni, Ga or Ge, As 
and Ir allow definitive assignment to one or the 
other of the two groups. Caveat: It is possible that 
in the future more advanced analytical and/or 
statistical techniques will lead to the redefinition of 
groups IAB and IIICD at low Ni concentrations; 
K. Esbensen, S. Wold and J. T. Wasson will soon 
calculate an optimum multivariate classification 
based on factor analysis of the current data set. 

Although at high Ni concentrations the distinctly 
higher Cu concentrations in IAB provide good 

discrimination, the data suggest that the trends 
merge at low Ni concentrations. The IIICD Au-Ni 
trend line is higher than that for IAB, but scatter in 
the data make Au of marginal value as a taxonomic 
parameter. The same applies for P, for which the 
IIICD trend is generally higher than IAB by a 
larger factor than for Au, but the uncertainties as-
sociated with the data points are greater by a larger 
factor still. 

The removal of the 6 IIICD meteorites having Ni 
concentrations < 90 mg/g from IAB has significantly 
reduced the scatter near the low-Ni extreme of the 
Ga, Ge and Ir element-Ni distributions. The Scott-
Wasson (1) classification of IAB and IAB-An irons 
not listed in Table 1 remains unchanged for the 
present. We are confident, however, that there are 
additional IIICD members still designated IAB be-
cause of inadequate compositional data. 

At similar Ni concentrations the structures of 
IAB and IIICD irons are very similar. As discussed 
in some detail by Scott and Bild [12 ] , their 
mineralogical inventories are essentially the same, 
and cooling rates inferred from their bandwidths 
and bulk Ni contents are unresolvable at ~ 2 K / 
Myr. 

All meteorites that contain large ( ^ 5 mm) 
fragments of chondritic silicates are IAB or IAB-An. 

Table 1. Revised membership of group IIICD listed in order of decreasing Ni concentration. Concentration data are 
listed for 9 elements. 

meteorite group assignment Co Ni Cu Ga Ge As W Ir Au 
this work previous a (mg/g) (mg/g) (ug/g) (Hg/g) (M-g/g) (fJ-g/g) (Hg/g) (H-g/g) (H-g/g) 

Pittsburg IIICD IA 4.90 61.6 83.0 359 13.3 1.30 2.0 1.61 
Ballinger IIICD IA-An 4.70 61.9 — 84.5 326 14.3 1.10 2.1 1.60 
Carrizalillo13 IIICD IA 4.80 62.0 — 81.0 337 13.5 1.38 2.04 1.56 
Jaralito IIICD — 4.77 65.2 146 91.6 376 12.6 1.30 1.54 1.63 
Nantan IIICD — 4.06 68.0 138 78.0 293 12.8 1.14 1.70 1.64 
Zaffra IIICD-An c — 4.66 71.2 137 73.2 244 14.5 0.67 0.061 1.60 
Hassi-Jekna IIICD IIIC 5.56 105 — 27.4 69.6 23.4 0.26 0.18 2.49 
Magnesia IIICD IIIC 5.24 110 191 14.5 22.4 22.6 — 0.18 2.80 
Havana IIICD IIIC — 114 — 20.5 21.6 — — 0.30 — 

Mungindi IIICD IIIC 5.40 115 — 19.4 22.1 21.3 0.12 0.47 1.78 
Anoka IIICD IIIC 5.14 120 _ 17.2 15.7 18.8 0.085 0.16 1.61 
Edmonton, K Y IIICD-An c IIIC 5.36 127 403 25.4 34.6 21.7 0.31 0.55 1.71 
Carlton IIICD IIIC 5.44 130 252 11.4 8.59 21.1 — 0.076 1.68 
Tazewell IIICD H I D 5.55 166 396 4.69 3.79 30.0 0.12 0.063 1.87 
Dayton IIICD IIID 5.75 170 515 5.16 3.52 25.6 0.09 0.028 2.04 
Föllinge IIICD IIID 6.40 181 430 4.02 3.15 — — 0.072 — 

Wedderburn IIICD IIID 6.30 224 — 1.51 1.47 — — 0.052 — 

Freda IIICD IIID 6.32 226 — 2.09 2.24 30.0 0.07 0.021 2.11 

a Scott and Wasson [1]. b W e accept Buchvvald's [3] spelling of Carrizalillo. 
c Zaffra is designated an anomalous IIICD member because of its very low Ir and W contents, Edmonton because its 

Ni concentration is about 15 mg/g higher than expected from Ge, Ga and Ir element-Ni trends. 
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Fig. 2. Log-log plots of Ge, W , Ir, P, Co, Au, Cu, As and Sb vs Ni in groups IAB and IIICD. Linear regression lines were 
calculated without considering the anomalous groups members. 

The small ( < 3 mm) silicate inclusions found in 
the IIICD irons Carlton [20] and Dayton [12, 21] 
are compositionally different than those in IAB 
silicates [16, 22] . 

In Dayton and Carlton, enstatite has higher Fs 
contents (12 and 9, respectively, vs. 4 — 8 in IAB) 
and plagioclase lower An contents (2 and 4, respec-
tively, vs. 9 — 22 in IAB). Compositions of these 
minerals in Mundrabilla (IA-An) [23] fall in the 
IAB range. 

Clayton and Mayeda [24] found that the 
O-isotope compositions of the silicates from 
several IAB silicates occupied a small field near 
<S170 = 2.1°/oo, .(3180 = 5.0°/oo, 0.4%o in (3170 below 
the terrestrial fractionation line. Niemeyer [10] 
noted that the data scatter near a slope 0.5 fractiona-
tion line, and that d 1 80 increases with the Ni con-
centration of the metal. No IIICD data have been 
published. As discussed later in this paper, small 

differences in the compositions of the IAB and 
IIICD parent bodies suggest formation at slightly 
different distances from the Sun. On this basis we 
would predict rather small differences in their 0 -
isotopic compositions that may not be resolvable. 

Previous Models ior the Formation of IAB and 
IIICD Irons 

It seems clear from the similarities of the com-
positional trends discussed in the previous section 
that similar processes were responsible for the 
formation of groups IAB and IIICD. For that reason 
past and present discussions of IAB origin should 
apply to group IIICD as well. For historical reasons 
and for the sake of brevity we will mainly refer to 
IAB in this and the following sections, but except 
for slightly different quantitative factors, the state-
ments also apply to IIICD. 
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Wasson [5, 6, 25] stressed the fact that the 
silicates embedded in the metal of group IAB are 
chondritic, and argued that the metal could never 
have been molten, else the silicates and metal would 
have separated to the top and bottom, respectively, 
of the magma chamber. He also argued that shock 
melting, even for a brief period, would lead to partial 
melting and fractionation of the chondritic silicates, 
and concluded that IAB originated "nonigneously" 
by heterogeneous accretion and segregation of 
large m-sized) metallic bodies during the ag-
glomeration of the solar nebula. Wasson [14] 
mentioned other properties indicating a non-
igneous origin for IAB: small 5 0 c m ) precursor 
taenite grains, abundant planetary-type rare gases 
in the silicates, and the general absence of frac-
tional-crystallization type elemental fractionation 
patterns. Bild [16] presented a similar model but 
noted that evidence (he found rare-earth and 
siderophile fractionations, Wlotzka and Jarosewich 
[27] found fractionations of major elements) of 
partial melting indicated that Campo del Cielo 
silicates had at least reached the melting point of 
albitic plagioclase, ~ 1450 K. 

The chief problem with these nebular models is 
their failure to offer an explanation for the observed 
fractionation trends in IAB metal. If the metal 
formed in the solar nebula, one would expect the 
fractionation trends to be understandable in terms 
of variable mixing ratios among the different types 
of nebular metal known from experimental investiga-
tions of chondrites or inferred to exist based on 
equilibrium calculations simulating nebular proces-
ses. Scott and Bild [12] grappled with this problem, 
giving particular attention to the decrease in the 
abundances of refractory elements such as Ir with 
increasing Ni. They suggested two possibilities. 
(1) IB metal grains condensed at the same time as 
IA grains but at a different nebular location where 
refractory siderophiles were largely trapped in 
refractory oxide masses such as the white inclusions 
in the Allende chondrite, and could not enter the 
Fe-Ni phase when it condensed. (2) Both low-Ni 
and high-Ni IAB metal formed at the same location; 
refractory metals were initially trapped in refractory 
oxide masses, but later equilibration in the nebula 
or parent body produced a partial equilibration of 
the refractory material that increased in degree with 
decreasing Ni concentration. They do not explain 
how the negative Ir-Ni correlation was produced, 

nor why Ge and Ir are positively correlated. Scott 
and Bild suggested that the increase in the Ni/Fe 
ratio reflected removal of Fe in a separate oxidation 
event, but they also point out the reason wrhy this 
explanation is not satisfactory, viz., that there is no 
increase in the abundance or Fe/(Fe + Mg) ratio of 
the trapped silicates with increasing Ni content of 
the metal, as expected from this model. 

The Scott-Bild model envisions only one kind of 
metal at each nebular location, but it seems certain 
from studies of unequilibrated ordinary chondrites 
of Rambaldi et al. [27 ] , Afiattalab and Wasson [28] 
and Rambaldi and Wasson [29] that several differ-
ent nebular metal components were present at most 
locations. The following discussion shows that 
multiple metal component nebular models are also 
unsatisfactory. 

Consider the Ge-Ni and Ir-Ni fractionations; be-
tween 64 and 254 mg/g Ni the Ge/Ni and Ir/Ni 
ratios decrease by a factor of 40 ; between 64 and 
585 mg/g Ni the decrease is by a factor of about 
500. Nebular 50% condensation temperatures of Ge, 
Ni and Ir at a H., partial pressure of 10 _ 4atm are 
825, 1345 and 1545 K, respectively ( [ 3 0 ] ; C. M. 
Wai, unpublished calculations). Germanium is the 
most volatile siderophile, Ir one of the most 
refractory; it seems very unlikely that these two 
would be together in one nebular metallic fraction 
while Ni is in another, thus three components are 
the minimum required to explain these three 
elements. At 10 - 4 atm the nebular condensation 
temperatures of Ga and Sb are nearly identical, 918 
and 912 K, respectively [30] , yet the Ga/Ni ratio, 
like that of Ge and Ir, falls by a factor of 40, 
whereas the Sb/Ni ratio increases by about a factor 
of 2 as Ni increases from 64 to 254 mg/g. Although 
Ga could be assigned to the same low-temperature 
component as Ge, another low-temperature com-
ponent seems required for Sb. The complexity of 
this multicomponent nebular model makes it un-
attractive. 

Kelly and Larimer [17] suggested that the ob-
served Ir-Ni distribution in IAB irons formed by 
fractional melting of a single kind of metallic start-
ing material. In this model an equilibrium liquid is 
drained off continuously as it forms and immediately 
isolated in order to prevent its reequilibration with 
later liquids or with the residual solid metal. They 
chose the composition of the starting material to be 
that of solid metal in equilibrium with a liquid hav-
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ing the composition of San Cristobal metal (254 mg/ 
g Ni, 0.32 jig/g Ir), and showed that the IAB data 
can be fit reasonably well with solid/liquid (kx) 
distribution ratios in the following range: 0.5 ^ 

i ^ 0.6, 18 ^ kiT ^ 22. These lead to concentra-
tions in the starting materials of 130 — 150 mg/g Ni 
and 6 — 8 |xg/g Ir. 

There are many criticisms that can be leveled 
against this fractional melting model, including: 
(1) The mean composition of IAB irons should be 
the same as that of the starting materials, but the 
arithmetic mean of IAB compositions is about 
75 mg/g Ni, 2i.ig/glr, 2 — 4 X different from the 
Kelly-Larimer starting compositions. Inclusion of 
Oktibbeha County in IAB would require starting 
materials 2.5 X higher in Ni and 4X lower in Ir. 
(2) Since Ge and Ga show element-Ni fractionations 
almost identical to that of Ir, they must also have 
kx values near 20, but laboratory data and data on 
the fractionally crystallized iron meteorite groups 
indicate kße values in the range 0.8—1.2 [4, 18]. 
(3) Elements having very low kx values such as 
S (k$ < 0 . 1 ) should not be present in the later melts, 
i .e., in IAB irons having Ni contents < 130 mg/g. 
In fact, S is abundant even in the IAB members hav-
ing the lowest Ni contents (4) . It seems quite 
implausible both that successive small fractions of 
melt could equilibrate with the entire parent solid 
before draining away, and that these melt fractions 
were not mixed at a later time. Further, the very 
high temperatures required to produce the later 
fractional melts ( > 1700K) would result in total 
melting and differentiation of associated silicates. 
Fractional melting is thus also unable to explain 
the fractionation trends in IAB. 

Shock-Melting Origin of IAB and IIICD 

We propose that the meteorites of groups IAB 
and IIICD formed as individual shock melts on a 
chondritic parent body, and that the range of com-
positions reflects differences in the temperature of the 
melt and the metamorphic grade of the chondritic 
parent. The chondritic inclusions found in these 
irons to a large extent preserve the composition of 
the parental material, but the model requires that the 
original material was relatively unmetamorphosed 
and unequilibrated. The key element of the model 
is the hypothesis that compressible, low-melting 
materials were selectively melted, isolated from the 

parent rock, and solidified under equilibrium condi-
tions. The lowest melting solids in anhydrous 
chondrites produce sulfide-rich melts having Fe-Ni 
as the minor component. 

We envision a parental material that in many 
ways resembles the most unequilibrated ordinary 
chondrites [28, 29, 31] . Some mineral grains were 
large, and preserved compositions formed at high 
nebular temperatures. At the other extreme were 
small grains that had continued to react with nebular 
gases down to low temperatures. 

Recent discussions of the nebular alteration of 
Fe-Ni with falling temperatures are given by Sears 
[32] and Afiattalab and Wasson [28] . Below 
~ 700 K metal grains corrode both as a result of the 
reaction of Fe with H2S to form FeS and with ILO 
to form FeO. Such corrosion shells are relatively 
thin on the largest (mm-sized) metal grains, 
whereas the smallest grains may have been trans-
formed either into corrosion products plus Ni-rich 
metal or entirely into oxides and sulfides, possibly 
including some Ni-rich sulfides such as pentlandite 
(Fe, Ni)9S8 or heazlewoodite Ni3S2 (although 
Renazzo and AI Rais are the only chondrites known 
to have > 6 % metal and Ni-rich sulfides). 

Studies of the Fe-Ni-S system by Kullerud et al. 
[33] show that a sulfide-metal eutectic trough ex-
tends from the familiar FeS-Fe eutectic having an 
Fe/S atom ratio ~ 1.1 at 1261 K down to a Ni-rich 
liquid having an Ni/S atom ratio of ~ 2 at ~ 920 K. 
Figure 3 shows a portion of the ~ 1 1 9 0 K section 
through the Fe-Ni-S system, converted from weight 

Fig. 3. A portion of the 1190 K section through the Fe-Ni-S 
phase diagram given by Kullerud et. al. [33]. The section 
was constructed by interpolating between the published 
1173 K and 1273 K sections. The monosulfide solid solution 
(mss) field (not shown) lies near the edge joining the FeS 
and NiS corners. The clashed line extending from FeS with 
a small Ni content to taenite (y) containing ~ 585 mg/g Ni 
demonstrates that Oktibbeha County could have formed 
by equilibrium crystallization of a melt having the E' com-
position. 
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to atomic ratios and interpolated between the 1173 
and 1273 K sections given by Kullerud et al. [ 33 ] . 
If a liquid having a composition at point E' were 
isolated and crystallized under equilibrium condi-
tions it would yield FeS containing a minor amount 
of Ni and Oktibbeha Country-like ;'-iron containing 
~ 535 mg/g. 

How could such a melt have been produced? As 
shown by Fig. 3, one possibility is by partially melt-
ing FeS and 7-iron containing an Ni / (Fe + Ni) 
ratio of ~ 24. However, equilibrium partial melting 
requires an extended period at high temperatures, 
and this conflicts with our following interpretation 
of Ga and Ge (trends. For this reason we suggest 
that the composition resulted from rapid melting 
during impact heating of FeS and Ni-rich sulfides 
and/or Ni-rich metal. Such a melt seems a plausible 
low-temperature melt because of arguments given 
above regarding the formation of Ni-rich sulfides 
and metal in highly unequilibrated chondrites, and 
because it seems probable that fine-grained, low-
temperature sulfides and/or metals were more 
porous and thus more susceptible to shock heating 
than were coarse-grained metal or FeS formed at 
higher temperatures. 

The low-Ni extreme of IAB was produced by 
more intense shock events that yielded higher-
temperature melts. These meteorites contain large 
sulfide-graphite nodules, and maximum estimates 
of melt temperatures are those that would lead to 
total melting of the meteorites as constituted. The 
presence of 10 —20 mg/g S [34] and smaller 
amounts of P and C would lower the Fe-Ni melting 
temperature by 50—100 K, perhaps down to 1700 K. 
However, we think this estimate is grossly high. It 
seems more likely that the parental melt contained 
much larger quantities of these 3 minor elements 
(especially S) and that the amount now present in 
the IA irons resulted from the accidental trapping of 
liquid during solidification of the metal. A more 
realistic maximum temperature is the value of 
1450 K inferred by Bild [16] to be that needed to 
cause the incipient melting of the silicates observed 
in Campo del Cielo, which contains 66 mg/g Ni in 
the metal. The Fe-S binary diagram given in Yaughan 
and Craig ( [ 3 5 ] , p. 278) shows a temperature of 
1450 K when the S concentration is about 180 mg/g, 
or 28 atom%. Allowance for the presence of Ni, C 
and P would lower the amount of required S. The 
Campo del Cielo silicates might have experienced 

higher shock temperatures than the metal. The 
minimum temperature at which the melt parental to 
the IAB metal could have formed is ~ 1 2 5 0 K , the 
temperature of a melt that on cooling would 
precipitate metal with a Ni/ (Fe + Ni) ratio of 0.06. 
We will use a temperature of 1 3 5 0 + 1 0 0 K as the 
temperature of the melt that precipitated the lowest-
Ni IAB irons. On the basis of these arguments we 
suggest that the total range of melt temperatures for 
IAB irons was about 2 0 0 + 1 0 0 K, ranging from 
~ 1190 K to ~ 1350 K. 

The Ni-normalized abundances of both volatile 
and nonvolatile siderophiles approach CI values near 
the low-Ni extreme of IAB. Our view is that this 
reflects the fact that appreciable melting occurred 
and that temperatures were high enough long 
enough to allow abundances in the melt to approach 
those in the chondritic parent. Thus the chief 
challenge to our model is to explain the variation in 
element/Ni ratios with increasing Ni content. The 
second and related problem is to understand why Ni 
normalized abundances at the low-Ni extreme of the 
groups differ by factors of up to 4 from CI values. 

Figure 4 is a modified version of Fig. 2 extended 
down to 50 mg/g Ni and truncated at 300 mg/g Ni 
(i.e., Oktibbeha County is not shown). To it we 
have added a point showing the expected composi-
tion of metal having CI concentrations of Fe, Ni and 
all other siderophiles; the dashed line shows the 
locus of points having CI element/Ni ratios (i. e., 
differing only in Fe concentration). 

According to our model the elements expected to 
have high abundances in the low-temperature melts 
that produced the high-Ni irons are those elements 
that were present as Ni-rich metal or Ni-rich sulfides 
in the unequilibrated chondrite parental material. 
Vice versa, elements expected to have low abun-
dances are those that could not enter the melt 
because they were trapped inside coarse, Fe-rich 
metal or oxide phases that were not melted. 

Figures 2 and 4 shows that element/Ni ratios of 
Ge, W and Ir in Ni-rich irons are several hundred 
times lower than those at the Ni-poor extreme; Ga, 
Mo, Ru, and Os, not shown, show similar trends. 
Element/Ni ratios of all other elements are constant 
to within about a factor of 5 ; Cu/Ni in both groups 
and Sb/Ni in IAB increase slightly, Sb/Ni in IIICD 
remains essentially constant, and element/Ni ratios 
of As, P, Co and Au decrease slightly with in-
creasing Ni content. 
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Fig. 4. Log-log plots of Ge, W, Ir, P, Co, Au, Cu, As and Sb vs Ni in groups IAB and IIICD truncated at 300 mg/g Ni 
(i.e., Oktibbeha County is not shown). The expected composition of metal having CI concentrations of Fe, Ni and all 
other siderophiles is shown by the star. The dashed line shows the locus of points having CI element/Ni ratios. 

The set whose behavior is more difficult to ex-
plain are those elements that fractionated from Ni 
by two orders of magnitude. However, studies of 
chondrites and models of nebular condensation 
show that all of them can be present as or in oxides 
or high-temperature metal. 

Gallium and Ge are 2 of the 3 most volatile 
siderophiles [ 3 0 ] . In contrast to the other volatile, 
Sb, they form stable oxides at low temperatures. 
Chou and Cohen [ 3 6 ] , Chou et al. [37] and Ram-
baldi and Cendales [38 ] carried out magnetic 
separations on unequilibrated ordinary chondrites 

and found that Ga is largely in the silicate fraction; 
they also found that the amount of Ge in the silicate 
fraction of ordinary chondrites increases with 
decreasing degree of equilibration, though the bulk 
of the Ge was associated with the metal fraction in 
the least equilibrated meteorites studied. Wasson 
and Wai [ 3 9 ] showed that in a cooling solar nebula 
Ga and Ge first condense as solutes in Fe-Ni but 
that their solid oxides become more stable at 
slightly lower temperatures and that continued 
equilibration with nebular gases leads to their migra-
tion out of the metal and into the silicates. This 
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conclusion remains intact although the condensation 
reactions of Ga and Ge have been revised in the 
interim [30, 32 ] . 

Wai and Wasson [40] suggest that kinetic 
(especially diffusional) constraints may limit the 
amount of a volatile siderophile that can enter Fe-Ni 
grains, and that the bulk of such elements may 
condense homogeneously or by adsorption on the 
surfaces of small grains at temperatures well below 
their equilibrium condensation temperatures. Such 
a depression in the condensation temperature would 
lead to direct condensation of Ga and Ge as oxides, 
thus eliminating the need for these elements to 
diffuse out of the metal at low temperatures. 

The refractory elements W, Re, Ir and Os con-
dense at high nebular temperatures [ 4 1 — 4 3 ] . In 
the Allende CV chondrite a large fraction of 
these elements are found in refractory inclusions, 
probably mainly as refractory metal grains that 
condensed (or remained as a residue, Ref. [ 4 4 ] ) , 
before Fe-Ni condensed. It seems clear that in this 
form these elements would not immediately enter 
a melt formed at ~ 1 1 7 0 K . Although W may have 
condensed as an oxide instead of metal [43 ] , that 
portion inside refractory oxides would still have 
remained trapped during the low-temperature melt-
ing event. 

An important question is whether the fraction of 
these volatile and refractory elements that remained 
trapped during the melting event would have been as 
high as required by our model. For example, the 
Ir/Ni ratio in Oktibbeha County is ~ 700 X lower 
and the Ge/Ni ratio in Wedderburn is about 500 X 
lower than the corresponding CI values. Iridium 
shows large variations among IAB irons having 
similar Ni contents. We suspect that this reflects 
some tendency of solids to zone on a scale of tens 
of cm during precipitation (Ir has a very large 
solid/liquid (k\T > 8 ) distribution ratio), thus the 
actual range in Ir contents in the melts may be 
smaller. On the other hand, k(<e is near 1, thus the 
entire Ge variation must be accounted for. 

Is it reasonable that only 0.2% of Ge or the other 
highly fractionated elements would enter the lowest-
temperature melts? We agree that such a conclu-
sion is surprising, but we would argue that it is not 
unreasonable. If the nebular cooling rate at the IAB 
location was relatively rapid, Ga and Ge could have 
mainly condensed as oxides. The refractory elements 
could have largely been locked up in grains of re-

fractory oxides, or, less likely, in large metal grains. 
A reasonable scenario is that large metal grains 
formed by heterogeneous nucleation of Fe and Ni 
on precursor refractory metal nuclei, and that fine 
metal grains formed at lower temperatures as a 
result of homogeneous nucleation and contained 
minimal amounts of refractory metals. Even if an 
appreciable fraction of the strongly fractionated 
elements were in the interiors of large metal grains, 
the following discussion suggests that such materials 
formed only a small fraction of the lowest-temper-
ature melts. 

The first stable sulfide to form is FeS, which 
formed corrosion shells around metal grains with 
the underlying metal enriched in Ni. The CI S/Fe 
ratio is ~ 0.6, and it is likely that there was insuffi-
cient surficial Fe to completely condense nebular H2S. 
As result, H2S (g) would have remained a stable phase 
as the nebula cooled. After cooling by a few tens of 
degrees Ni-rich sulfides would also become stable. 
When collisions resulted in the spalling off of 
sulfide corrosion shells additional reaction of S 
with the exposed metal occurred. If the exposed 
surfaces were Ni-rich, Ni-rich sulfides would 
dominate, and some Ni-rich sulfides would form 
even on surfaces that were Fe-rich. Since some Fe 
but little Ni entered oxide phases, the relative 
amount of Ni-rich sulfide that formed could have 
exceeded the ~ 5% amount produced if metal hav-
ing an Fe/Ni ratio of 16 — 19 were entirely con-
verted to sulfide. Later in a brief shock melting 
event on the parent body, the only metal to melt 
would be that immediately adjacent to the sulfides. 
If this metal mainly originated as fine grains it 
could have had very low contents of refractory 
metals. 

At the other extreme of the fractionation spec-
trum are Cu and Sb, which show small increases in 
their element/Ni with increasing Ni. This implies 
that Cu and Sb condensed in phase(s) that were 
selectively melted during the impact event. The ob-
vious candidates are Ni-rich sulfides or other minor 
sulfides forming at temperatures well below the 
645 K condensation temperatures of FeS. We cannot 
rule out the possibility that some portion of these 
elements was dissolved in Fe-Ni near the interface 
with sulfides. 

Another interesting element is Co since, like Ni, 
it was probably mainly in the metal. The Co/Ni 
ratio decreases by a factor of 9 between the ex-
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tremes of IAB. These variations can be understood 
in terms of our model if the Co/Ni ratio in the 
materials entering the lowest temperature melt were 
less than those in the parental materials. In its geo-
chemical behavior Co is intermediate between Fe 
and Ni. If Co/Ni ratios were higher in Fe-rich 
sulfides than in Ni-rich sulfides this could explain 
the trend in the IAB Co/Ni ratio. If the high Ni 
content of the melt originated in Ni-rich metal rather 
than Ni-rich sulfides, the decreasing Co/Ni ratio 
with increasing Ni may reflect that the (Co/Ni in 
metal ) / (Co /Ni in sulfide) ratio decreased with 
decreasing melt temperature. 

The observed decrease in other siderophile/Ni 
ratios with increasing Ni can be rationalized in 
similar terms. P, As, and Au may have either been 
in coarse-grained, Ni-rich metal or, at low nebular 
temperatures have been incorporated into phases 
that were less inefficiently dissolved in low temper-
ature impact melts. 

Incongruity Between Abundances at the Low-Ni 
Extreme of IAB and Those in CI Chondrites 

If during the precipitation of metal from the melt 
(a) the amount of fractional crystallization is 
negligible and (b) the siderophile/Ni ratio in the 
solid is essentially equal to that in the melt, then the 
iron-meteorites at the low-Ni extremes of IAB and 
IIICD should offer good estimates of siderophile 
abundances in the parental chondritic matter. In 
Fig. 5 we show abundances read off the regression 
lines at 64 mg/g for IAB and 62 mg/g for IIICD. 
For P we have used mean values in irons having 
^ 85 mg/g Ni. The elements are arranged in order 
of decreasing condensation temperature. 

Abundances of three refractory elements W, Re 
and Ir are within ~ 3 0 % of CI abundances, thus by 
our model the fraction entering the highest-temper-
ature melts is approximately the same for these re-
fractories as for Ni. Examination of the Figs. 2 and 
4 shows that numerous W and Ir values fall as much 
as a factor of 2 away from the correlation line. We 
suspect that this indicates occasional modest degrees 
of fractionation during crystallization. It would be 
of interest to search for Ir zoning across a large IA 
iron, especially one having an extreme Ir concentra-
tion. 

The high Co abundances are somewhat mysterious. 
Cobalt condenses at slightly lowrer nebular temper-
atures than Ni, thus the Co/Ni ratio in later fine-
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Fig. 5. A plot of the element abundances for groups IAB 
and IIICD normalized to Ni and CI chondrite abundances. 
With the exceptions of P, Cu, and Sb, all abundances are 
similar to or greater than CI values. 

grained metal could be higher than that in the 
coarse-grained metal, melting of selective fine-
grained metal would then account for the high Co/ 
Ni ratio. High Co/Ni ratios are not unique to IAB, 
but are observed in most other groups including 
IIAB and IIIAB (but not I V A ) . It may be that the 
same mechanism is responsible for a portion of the 
enhanced ratios in IAB and IIICD. 

The abundances of P, Cu and Sb are lower than 
CI values by factors of 2 — 5. As noted by Willis 
and Wasson [ 1 8 ] , this downward biasing relative 
to elements of similar volatility is found in all iron 
meteorite groups. Part of the missing portions of 
these elements are present in minor phases that are 
generally avoided during sampling, but this is not 
the whole explanation for P since concentration data 
are obtained by modal integration of schreibersite. 

The abundance of Au is about 1.8 X CI in both 
groups. In terms of our model this implies that the 
Au/Ni ratio is higher in the fine-grained or near 
surface metal or in the FeS that formed the parental 
melt at the low-Ni extreme. Since Au is significantly 
more volatile than Ni, it seems reasonable that the 

Table 2. Concentrations 
Element IAB IIICD of 12 elements at the 
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interiors of large, high-temperature metal grains 
would be depleted in Au. Although similar argu-
ments could be made for As, As/Ni is only about 
1.3 X CI. In the magmatic iron meteorite groups As 
is consistently lower than expected by comparison 
with other elements having similar nebular vola-
tibility. We suggest that like P, Cu and Sb, an ap-
preciable fraction of As is unsampled, although the 
amount "missing" is much smaller, perhaps 30% of 
the whole-rock total. 

Last, and most volatile, are Ga and Ge, whose 
element/Ni ratios are about 1.8 X CI values. Ac-
cording to our model, abundances of these elements 
in parental chondritic matter were similar to CI 
values, and the high enrichments imply that the 
host oxide phases (see previous section) equilibrated 
to a high degree with the sulfide-metal melt parental 
to the lowest-Ni IAB and IIICD irons. Like Au, the 
abundance 1.8 X CI can be understood if the melt 
contained essentially all the Ge but only 55% of the 
Ni in the parcel of host material that was partially 
melted during the shock event. In fact, the common 
enrichment of Ga, Ge and Au by approximately the 
same factor offers support for any model that ex-
plains their enrichments by (a) CI relative abun-
dances and (b) a sequestering of 45% of the Ni. 

To summarize this section, we argue that the abun-
dances of siderophiles in the chondritic parents 
of IAB and IIICD were the same as CI abundances 
to within a small factor. In all magmatic groups 
except IIAB abundances tend to decrease with 
decreasing condensation temperature. 

Other Evidence Bearing on the Origin of IAB 
and IIICD 

Stratigraphic Origin and Age of Individual Irons 

Figure 6 taken from Niemeyer [10 ] depicts the 
observed relationship between 129I-129Xe age and 
the Ni concentration of several IAB irons and IAB-
anomalous Mundrabilla. An excellent negative cor-
relation exists, with the age increasing by 6 Myr 
between Landes, near the IAB low-Ni extreme, and 
Woodbine, at 106 mg/g Ni. Such a relationship can 
be accounted for by the shock melting model. 

The impact melt scenario implies that the irons 
formed in a deep (mega) regolith during an extended 
period of bombardment. As stated earlier, the 
initial state of the material is higly unequilibrated, 
at least as unequilibrated as the most unequilibrated 

l-Xe age of silicates (Myr) 

Fig. 6. Plot of Ni content of metal phase vs 129I-129Xe age 
of silicates (from Ref. [10]). Filled symbols represent 
samples with well-defined ages. The Pitts samples ages are 
given by intermediate-temperature lines which do not 
provide "true" ages. The El Taco sample was irradiated 
separately accounting for the large error limits. 

ordinary chondrites. A corollary inference is that, as 
a result of the accumulation of heat from impacts, 
the degree of metamorphic recrystallization in-
creased with time, ultimately resulting in the petro-
graphic-type-7 chondritic material now preserved as 
clasts. 

Consider a snapshot of the situation early in the 
bombardment history. A spectrum of maximum 
shock temperatures had been readied at different 
locations within the megaregolith, with the fraction 
of material within each temperature interval de-
creasing with increasing temperature. Since the 
peritectic temperature decreases with increasing Ni, 
the number of melt pockets per unit change in Ni 
content increased with increasing Ni. If evolution 
had ceased at this point, most IAB and IIICD irons 
would be Ni-rich. 

However, as the metamorphic grade of the 
chondritic parent increased with time the Ni-rich 
sulfides were gradually destroyed by recrystalliza-
tion, and it became impossible to produce impact 
melts with such high Ni concentrations. Further, 
some Ni-rich irons would have been remelted and 
incorporated into melts having lower Ni contents 
during large impacts. Thus, if the evolution ceased 
at this intermediate time, the spectrum of Ni con-
centrations would have a lower mean than that 
described in the previous paragraph. All the high-
Ni irons would be old, whereas both young and old 
low-Ni irons wrould be present. The latter would be 
biased toward younger ages because of the tendency 
of older ages to be reset, whereas the Ni-rich irons 
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would only be preserved near the bottom of the 
regolith where the probability of resetting by impact 
would be the least. 

The process continued on (based on the I-Xe age 
data) for 6 Myr. At the end of the evolution the 
irons showed a strong negative correlation of age 
with Ni content, but the spread of ages for low-Ni 
irons should be large whereas the spread should 
decrease with increasing Ni content. Thus, age dif-
ferences among low-Ni irons such as those observed 
between Landes and El Taco (Fig. 6) are to be ex-
pected. Inclusions in some Ni-poor irons may have 
ages as young as Woodbine, but they should be very 
rare because only a small fraction formed early and 
most of these would have been reset to younger ages. 

The relatively constant cooling rates observed in 
IAB and IIICD irons can also be understood by this 
model. We suggest that the cooling resulted from a 
gradual decrease in the bombardment flux with time, 
and that the rate of cooling was essentially the same 
for irons stored over a large range of regolith 
depths. 

Abundances of S and Siderophiles in Chondritic 
Inclusions; are the Inclusions Parental to the 
Associated Irons? 

The mechanical mixing of the chondritic in-
clusions with the host metal could have occurred 
during the same shock event that formed the sulfide-
rich melt from which the metal precipitated. In this 
case, we would expect them to be appreciably 
depleted in S and moderately depleted in Fe and Ni, 
the degrees of depletion of sulfides and metal 
depletion both increasing with decreasing Ni content 
of the metal. An alternative is that the chondritic 
inclusions were introduced by later shock-induced 
tectonism, in which case they need not be the im-
mediate parent of the host metal, and also need not 
be depleted in the easily fusible elements. Examina-
tion of the analyses of Woodbine silicates by Jaro-
sewich [45] and Campo del Cielo silicates by 
Wlotzka and Jarosewich [26] show S/Si and Fe/Si 
atom ratios factors 1.4 — 3 X lower than Cl-chondrite 
ratios (0.5 and 0.9, respectively). For Campo del 
Cielo this result is not unexpected, since there is 
evidence in some inclusions of depletion of plagio-
clase which requires still higher temperatures. How-
ever, the flat rare earth patterns in Woodbine 
silicates [16, 46] are not consistent with plagioclase 
depletion, yet FeS and Fe-Ni are low in these in-

clusions as well. We conclude that a sulfide-metal 
melt has been removed in varying proportions from 
these inclusions. 

The next question is whether the chondritic 
materials have undergone diffusional exchange with 
the surrounding metal during the extensive meta-
morphic reheating recorded in the silicate textures. 
Bild [16] analyzed bulk inclusions from Landes, 
Campo del Cielo, Copiapo and Woodbine; Woodbine 
has the highest Ni content (106 mg/g) and thus 
offers the best test. Campo del Cielo showed sam-
pling heterogeneities, probably because of the partial 
melting experienced by some inclusions. In the re-
maining 3 meteorites siderophile/Ni ratios were the 
same in silicate inclusions and metal to within a 
factor of 1.5, indicating extensive metamorphic 
inlerequilibration of the metal phases of the metal 
and inclusions, the less interesting of the two pos-
sibilities. Bild reported curiously high Ge contents 
of 600 —1000 ug/g Ge in the kamacite of Campo 
del Cielo inclusions, 2 - 3 X higher than that in the 
host kamacite. We are at a loss to explain this ap-
parent lack of equilibration, especially since the 
Ge/Ni ratios are also 4 - 6 X higher than CI ratios. 

Sphalerite FeS Content as an Indicator of 
Burial Depth 

Schwarz et al. [47] and Kissin [48] claim that 
the FeS concentration of sphalerite in IAB irons 
correlates with Ge (and thus, with Ni) concentra-
tions. Such a trend might provide useful evidence 
bearing on our model. However, there is much 
compositional scatter among the sphalerite grains 
from individual irons and the reported correlation 
is mainly based on the low FeS content of Toluca 
sphalerite. 

The mean sphalerite Fe contents are interpreted 
to imply very high pressures, suggesting that IAB 
irons were buried at depths of 300 - 400 km. Since 
such deep burial depths do not fit into our picture 
involving the generation of impact melt pools near 
the exterior of the parent body, Ave have examined 
the evidence on which the sphalerite barometer is 
based. The temperature dependence of sphalerite 
composition at 1-atm pressure is estimated from 
measurements by Barton and Toulmin [49] in the 
range 85 - 580 °C. A linear relationship between 
mole fraction FeS and T was assumed. The Barton-
Toulmin data show considerable scatter, and we 
find that a log mole fraction FeS versus l/T 
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relationship can be fitted to them which yields IAB 
values at zero pressure and a temperature of ca. 
250 °C. Until better low-temperature data are ob-
tained there appears to be no requirement that IAB 
irons have been formed at burial depths of hundreds 
of km. 

Isotopic Studies of C and 0 

Deines and Wickman [50, 51] studied the isotopic 
composition of C in various components of IAB 
irons. In silicate nodules <513C values ranged from 
— 4 to — 13°/oo, but the presumably least altered 

complex from the interior of large inclusions showed 
a more restricted range of —4 to — 6°/oo. In 
contrast (5130 in graphite is 6 .0± l ° / oo and 
20±2° /oo in cohenite and taenite. The absence of 
data for kamacite apparently reflects its very small 
concentrations ( < 0 . 1 mg/g) compared to taenite 
(1 — 5 mg/g) [34] . It seems safe to assume that the 
great bulk of the C in the metal-rich fraction is 
roughly equally divided between graphite and 
cohenite, and thus that (513C in host metal and as-
sociated phases is ~ — 12, much lower than the 
~ — 5 value in the silicates. Without information 
about the C-bearing phases in the chondritic inclu-
sions we cannot interpret these results. The correct 
answer may be the relatively trivial interpretation 
that (a) the C in the inclusions is mainly present as 
graphite, and (b) extensive exchange of C between 
inclusions and phases associated with the metal host 
has occurred. 

The (5170 — >(5180 diagram of Clayton and Mayeda 
[24] shows that IAB irons roughly follow a slope 
0.5 fractionation trend; as noted by Niemeyer [10] , 
<5180 increases with increasing Ni. Clayton et al. 
[52] showed that ö 1 8 0 is higher in meteorite 
plagioclase than in mafic minerals. Bild [16] and 
Wlotzka and Jarosewich [26] found evidence of 
plagioclase redistribution in Campo del Cielo. If 
there is a general trend for plagioclase depletion 
relative to the starting material with decreasing host 
Ni content (increasing sulfide-metal melt temper-
ature) , the <3180-Ni trend is qualitatively explained. 

Relationship between Recovered Mass and 
Ni Content 

The decrease in mean mass with increasing Ni is 
readily recognizable when the data are compiled. 
One estimation of the maximum size reached by low-

Ni irons is provided by the fact that 5 of them 
achieved sizes large enough to produce hypervelocity 
craters [34, 53 ] . The highest Ni concentration in a 
crater-producing iron is the 72 mg/g for Odessa, 
although Buchwald estimates 78 mg/g for the 
weathered Monturaqui material. In contrast, the 
largest recovered mass for high-Ni IAB and IIICD 
irons is 27 kg (Tazewell, IIICD) in the 125 — 
200 mg/g Ni range and 4 kg (San Cristobal, IB) 
for irons having Ni > 200 mg/g. 

The increase in melt temperatures and increasing 
melt fraction with decreasing Ni would result in 
decreasing viscosity of the melt-solid mixture. This 
would make it easier for larger magma bodies to 
form. Further, since more shock energy was deposit-
ed at the low-Ni melt sites, there was probably a 
greater degree of shear, a factor which would also 
lead to move efficient separation of melt solids. 

Formation Locations 

Although the extrapolated compositions of the 
parental chondritic material of IAB and IIICD irons 
are nearly the same, the differences in log element-
log Ni slopes of the daughter irons demonstrate that 
there were detailed differences in the compositions 
and sizes of phases in the parental material (e. g., 
more Ni in the sulfides or metal of IAB or more Ge 
and Ir in the oxides of IIICD). The mean Fe/ 
(Fe + Mg) ratios in the mafic silicates are distinctly 
different in the two groups. Cosmic-ray ages in IAB 
clusters near 900 and 500 Myr [54] ; those in 
IIICD cluster near 700 Myr (H. Voshage, private 
communication). For these reasons we conclude that 
the two groups could not have originated on the 
same body. On the other hand, the close similarities 
in the fractionation patterns of the irons and the 
Fe/ (Fe + Mg) ratios in the silicates suggest forma-
tion at similar distances from the Sun. 

Wasson [55] inferred an origin in the inner solar 
system for IAB irons because their O-isotope com-
positions and degrees of oxidation are similar to 
those of the Earth. Refractory abundances in IAB 
silicates scatter [56 ] , but appear to fall in the same 
general range as the ordinary chondrites, also in-
ferred to have formed in the inner solar system. 
Since the compositional evidence indicates that 
IIICD formed near IAB, we infer that it also formed 
in the inner solar system, i. e., nearer to the Sun 
than the carbonaceous chondrite groups. Although 
we would expect the IIICD O-isotope field to be 
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different from the IAB field, we predict that it will 
be nearer to IAB than to other major meteorite 
groups such as the EH and EL chondrites. 

Summary 

We propose that IAB and IIICD meteorites 
represent individual melt pools formed by impacts 
on the megaregolithic surfaces of chondritic parent 
bodies. The observed concentration trends can be 
understood if the temperature of the melt pools 
decreased with increasing Ni concentration of the 
precipitated metal, and if the degree of equilibration 
between melt and unmelted solids decreased with 
decreasing temperature. Elements that decrease in 
concentration with increasing Ni remained largely 
trapped inside oxide grain aggregates during the 
formation of low temperature melts. Perhaps the 
most speculative feature of the model is its require-
ment that a large fraction of the Ge have been 
trapped in these hypothetical oxide aggregates. 

The low-Ni extremes of IAB and IIICD offer the 
best estimates of siderophile ratios in the parental 
chondritic material. Maximum Cl-chondrite nor-
malized abundance ratios of volatiles are near 1.8, 
independent of condensation temperature; non-
volatile abundance ratios are near or below 1. The 
absence of a relative fractionation among volatiles 
indicates that the parental chondritic materials in-
cluded nebular condensates at least as volatile as Ge, 
the most volatile siderophile. This probably requires 
efficient collection of fine-grained materials. That 
some volatile abundances in irons at the low-Ni 
extreme are higher than those in Cl chondrites 
probably indicates that, relative to Ni and non-
volatile siderophiles, volatiles were preferentially 
incorporated into the melt pools. The alternative, 
that the chondritic parent had volatile levels 2 X 
greater than those in CI chondrites, seems less 
plausible. 

Metallographic cooling rates of the IAB and IIICD 
iron meteorites are about 2 K/Myr, indicating either 
a burial depth of ~ 200 km, or a combination of a 
heat source and a smaller burial depth. We have 
proposed that these iron meteorites originated in 
impact melt pools, and this requires that the pro-
jectiles have had impact velocities ^ 3 km/sec. A 
gradual decrease in the rate of this bombardment 
could have controlled the cooling history of the IAB 
or IIICD irons. If this is correct, their burial depths 
cannot be estimated from cooling rates. 

Meteoritic material from the surface of the 
regolith and from the unmelted interior of the parent 
body have not been recognized. The simplest ex-
planation of this observation is that such materials 
would have been essentially chondritic, and thus 
much less resistant to space attrition. One can 
estimate from cosmic-ray age distributions that the 
half-life with respect to attrition of iron meteorites 
is ~ 600 Myr, that for reasonably tough chondrites 
(such as ordinary chondrites) about 50 X shorter. 

Cosmic-ray age data of Voshage and Feldmann 
( [ 5 4 ] ; Voshage, private communication) suggest 
major breakup events on the IAB body at 900 and 
500 Myr, and on the IIICD parent body at 700 Myr. 
If these were the most recent breakup events of these 
parent bodies, the amount of chondritic material, 
with mean survival half lives of only ~ 12 Myr, 
would have been reduced by a factor of ~ 2 - 4 0 . Thus 
it is reasonable that the chondritic material from 
this parent body has not survived. The same general 
arguments apply to the sulfide-rich materials that 
should have occupied positions superior to the IAB 
and IIICD irons. Because FeS is much more easily 
fractured, collisions with small debris would have 
sand- and rock-blasted it off the metallic masses. 

Much of our model is speculative, and will re-
main so until a considerably larger body of data 
has become available. The key evidence that is 
needed is knowledge about the hypothetical parental 
material. New IAB-related chondritic meteorites such 
as Pontlyfni are being discovered on a regular basis. 
Perhaps one of these will be sufficiently unmetamor-
phosed to allow us to determine, for example, where 
the Ga. Ge and refractory siderophiles were sited, and 
what the bulk volatile abundances were in the paren-
tal material. Especially interesting would be the dis-
covery of relatively unmetamorphosed chondritic sili-
cates in a Ni-rich member of one of these groups. 
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