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Abstract-We have analyzed metallic and silicate phases in the IVA iron meteorites and two related 
stony irons, Steinbach and Sgo JoHo Nepomuceno. Analyses of bulk metal phases in the two stony irons 
using INAA show that they plot as close to the chemical trends within group IVA as most IVA irons, 
indicating a common source. Our fractional crystallization models for the IVA chemical trends suggest 
that the irons crystallized from a metallic melt that initially contained 2.5 ? 1 wt% S. After S concentra- 
tions in the liquid reached 6 wt%, liquid trapping during crystallization increased the apparent distribution 
coefficient for S, as in group IIIAB. Compositions of the metal fractions in Steinbach and SBo Jo&o 
Nepomuceno match the calculated solid compositions after 50 t 10% and 80 ? lo%, respectively, of 
the metallic melt had crystallized. We confidently conclude that the IVA irons and metal in the two 
stony irons were derived from the core of a single asteroid that fractionally crystallized. The wide range 
of metallographic cooling rates of IVA irons cannot result from crystallization in isolated pools in one 
or more bodies, as some authors have argued. Large depletions of Ga, Ge, and other moderately volatile 
elements in group IVA are unlikely to result from planetary processes; they may have been inherited 
from chondritic precursor material. 

The two IVA stony irons contain up to 60 ~01% of a unique, coarse-grained mixture of tridymite, 
orthobronzite, and clinobronzite. Silicate-metal textures resemble those in rounded-olivine pallasites; 
both may result from the depression of cumulate silicates into underlying molten S-rich metal. Two IVA 
irons contain rare plate-like, silica crystals up to 10 mm long, but these occurrences seem unrelated to 
the stony-iron silicates. Because of the difficulty in forming the stony irons in an isolated, slowly cooling 
asteroid, we infer that they may have formed during the breakup and reassembly event invoked by Haack 
et al. ( 1995) to account for the fast cooling of Steinbach from 1200°C. 

1. INTRODUCTION 

Group IVA iron meteorites have most but not all of the 
chemical and mineralogical characteristics of iron meteorite 
groups such as group IIIAB that are generally believed to 
have formed in molten cores in asteroids (Schaudy et al., 
1972; Wasson et al., 1989; Haack and Scott, 1993). IIIAB- 
like irons are different from the silicate-bearing IAB and 
IIICD irons, which are believed to have formed in impact- 
melt pools (Choi et al., 1995) or in S-rich cores (McCoy et 
al., 1993). Over f i f ty irons have been classified as IVA 
members (Appendix, Table Al) making this the fourth 
largest group of irons. The Ni-rich IVB irons have Ga con- 
centrations that are 10X lower than those in group IVA and 
must have formed in an entirely different body (Wasson, 
1974). 

Despite the unusually low concentrations of Ga, Ge, and 
other moderately volatile siderophiles in the IVA irons, 
chemical trends within the group are broadly consistent with 
fractional crystallization of a metallic core (Willis and 
Goldstein, 1982; Jones and Drake, 1983). But this interpreta- 
tion was questioned by Moren and Goldstein ( 1978, 1979), 
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who found a wide variation in the metallographic cooling 
rates of IVA irons and an inverse correlation between cooling 
rate and bulk Ni concentration. They inferred that IVA irons 
formed in many skparate metallic pools at various depths 
because core samples should have indistinguishable cooling 
rates. Willis and Wasson (1978a,b) tried to argue that the 
correlation between cooling rate and bulk Ni and the wide 
variation in cooling rates result from errors in the diffusion 
rates or phase diagram and that IVA irons cooled in a core. 
However, Rasmussen (1982) confirmed the wide range and 
inverse correlation found by Moren and Goldstein ( 1979). 
He suggested that low-Ni IVA irons come from pools in one 
body and that high-Ni IVA irons come from a second body, 
implying that the continuity of the chemical trends was fortu- 
itous. Revised cooling rates for IVA irons are reported by 
Rasmussen et al. ( 1995). 

Two stony-iron meteorites, Steinbach and Sgo Jolo Nepo- 
muceno, which have abundant rounded pyroxene-tridymite 
inclusions (Reid et al., 1974; Bild, 1976; Prinz et al., 1984), 
have a fine octahedral Widmanstltten pattern and concentra- 
tions of Ni, Ga, Ge, and Ir in their metal that are very similar 
to those of group IVA irons (Schaudy et al., 1972; Kracher 
et al., 1980). Since density differences ensure that silicates 
will quickly rise through molten metal, it is difficult to under- 
stand their presence in meteorites that may be derived from 
an asteroidal core. Silicates have also been found in two 
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Table 1. Concentrations of six elements in four IVA irons and the metal 
phases of two stony-irons, Steinbach and Sgo Joilo Nepomuceno. 

Co Cr As Au Re Jr 
mp/g pgJg pglg uglg ug/g pg/g 

Hill city 
Jamestown* 
Rembang 
Sb Jo50 

Nepomuceno 
Seneca Township 
Steinbach 

4.1 27t ;084 ;;; ;.;;t 0.92 
3.4 500 3.2 
4.0 67 9:o 1:91 0:11 1.14 

4.0 

9:: 
;it 2:: 

1.17 0.34 2.6 
1.56 0.14 1.63 

12.7 2.94 <0.07 0.86 

* Only one sample analyzed; error is about 1.5x the normal value. 
t Estimated error is twice the usual value. 

IVA irons, Bishop Canyon and Gibeon; both contain large 
but very rare grains of Si02 (Schaudy et al., 1972; Buchwald, 
1975). The oxygen isotopic composition of the silicates in 
SHo Jo&o Nepomuceno, Steinbach, and Gibeon are unlike 
those in any other meteorites, except for those in L and 
LL chondrites (Clayton et al., 1983). However, it is rather 
unlikely that there was extensive melting in the L and LL 
parent bodies, as differentiated silicates have not been identi- 
fied despite thorough impact mixing and sampling of their 
parent bodies (Taylor et al., 1987). 

Silicates in Steinbach are also anomalous because they 
appear to have been quenched from high temperature (Reid 
et al., 1974). This conclusion, which has been confirmed by 
Haack et al. (1995), has not generally been considered in 
discussions of the thermal history and origins of IVA irons. 
This may be because the association of Steinbach with IVA 
irons was questioned, or because the proposed quenching 
history did not seem plausible. Prinz et al. (1984) have 
briefly discussed possible origins for the Steinbach and S%o 
JoHo Nepomuceno silicates. 

We have attempted to elucidate the origin and evolution 
of group IVA irons and stony-irons using three approaches. 
(1) Metal portions of Steinbach and Sgo JoIlo Nepomuceno 
and four IVA irons have been analyzed using instrumental 
neutron activation analysis. Published compositional data for 
IVA irons have been compiled to test how closely the metal 
compositions of the stony irons match those of the group 
IVA irons. (2) The chemical trends in group IVA have been 
investigated using the fractional crystallization models of 
Haack and Scott (1993) to better understand their origin. 
(3) Silicates in the two IVA-like stony irons and rare silica 
grains in two IVA irons have been analyzed using electron- 
probe analysis to learn more about the origin of the silicates. 
We conclude that the IVA irons, like the IIIAB irons, did 
form in a core and that the two stony irons are not mere 
mineralogical curiosities but provide important constraints 
on the formation and evolution of the IVA core. 

2. TECHNIQUES AND SAMPLES 

Samples weighing 0.5- 1 g of four iron meteorites and metal from 
two stony irons were analyzed by instrumental neutron activation 
analysis at UCLA using the procedures described by Scott ( 1978a). 
The sources and catalog numbers for these samples are given by 
Scott ( 1978b), who also gives W concentrations for these irons. 

The data given in Table 1 are means of duplicate analyses except 
where noted. The 95% confidence limits of the means in Table 1 
are 8% for Au and Ir, 7% for As and Co, 15% for Re, and 23% for 
Cr (Scott, 1978a). 

Eight polished thin sections of Steinbach were prepared from 
material and covered sections from the Bergakademie Freiberg (Uni- 
versity of Hawaii section # 209-214, 231, 232P). Three polished 
thin sections of SPo Joao Nepomuceno and one other Steinbach 
section (USNM 496) were loaned by the Smithsonian Institution. 
A polished end piece of Bishop Canyon (Arizona State University 
sample no. 360.1)) which contains silica grains (Buchwald, 1975 ), 
was cut perpendicular to the original face across the two large silica 
grains. A polished slice of Gibeon containing a large silica lath that 
was originally described by Schaudy et al. (1972) and is owned bv 
J. T. W&son: was loaned to us by K. L. Rasmussen. 

, 

Petrography and modal analyses were performed in reflected and 
transmitted light using a Nikon Microphot polarizing microscope. 
Pyroxene compositions were analyzed using a Cameca Camebax 
electron microprobe operated at 15 keV accelerating voltage, 15 nA 
beam current, and a fully focused beam. Analyses of tridymite were 
made on a Cameca SX-50 electron microprobe using a 15 keV 
accelerating voltage, 10 nA beam current, and a 10 pm beam. Count- 
ing times for A1203 were 60 s each on peak and background. Count 
times of 30 s were used for other elements, Data were corrected 
using the PAP ZAF program. 

3. RESULTS 

3.1. Metal Composition 

In Table 1 we report instrumental neutron activation anal- 
yses of metal in the two IVA-like stony irons, Steinbach 
and Sao Joao Nepomuceno. For Steinbach, there are some 
discrepancies between our data and literature data. Schaudy 
et al. (1972) reported 0.053 pg/g Ir. This value should have 
been 0.53 pg/g (Wasson, 1974), but it is still lower than 
our value of 0.86 pg/g. Our values for Ir, As, and Au in 
Steinbach are also higher than those of Ryan et al. ( 1990), 
conceivably because of silicate contamination in the latter. 
Because our replicates agree, we prefer our values. The anal- 
yses of the four IVA irons listed in Table 1 are consistent 
with published data for other IVA irons. We have used analy- 
ses from Table 1 and literature data (see Appendix) to com- 
pile a database for the concentrations of eleven elements in 
the IVA irons. In Fig. 1 we show element-Ni plots for Au, 
As, Ga, Ge, Ir, Re, W, and Cr. 

3.1.1. Classi$cation of group IVA outliers 

On element-Ni plots, the IVA members that show the 
largest scatter are the three high-Ni irons (Fig. 1) Because 
they are critical in establishing the chemical trends in IVA 
and testing crystallization models, we reassess their classifi- 
cation. Two of these irons, Chinautla and Duel Hill (1854), 
were classified by Schaudy et al. (1972) as anomalous IVA 
members; the latter was reclassified as IVA by Malvin et al. 
(1984), partly because they discovered an error in the Ir 
analysis of Schaudy et al. ( 1972). The third, Fuzzy Creek 
with 11.8% Ni, was identified by Malvin et al. (1984) as 
the highest-Ni IVA member. We conclude that these three 
irons are all bona fide IVA members and note that the in- 
creased scatter with increasing Ni is analogous to that in 
group IIIAB (Haack and Scott, 1993). These three irons 



Origin of IVA iron and stony-iron meteorites 1617 

(a) 4.0 

G 
2 2.0 

2 
2 1.0 

0.5 

(e) 

2.4 

2.2 

2.0 

1.8 

1.6 

. . . 
. . . . 

. . . 6, . .FC 
- se.. .- . . . . 

*.SJK . . 
.-ei . .Chl 

. . .DH 

-* . 
*. 

15.0 (b) 
10.0 

G 
\ 

5.0 y  
V 

4 
2.0 

:joiolo 

(d) 

5.0 -I 
- : * se* 500 (f) 

2.0 - $:&a 

* .SJN 
w * : 

*a : : .,:. . 200 
. .* . * 

G 
. 

* 1.0 - - -. -* ,. .*, 100 2 

- 0.5 . - -St* 50 fi 
.* . .DH - 20 0.2 2 - 

.FC - - IO 

0.1 
.Chi .Chl 

-I I- 5 

(9) I- 500 (h) 
800 - 

xii 
200 h 

- .S, 

-2 
.a . 

.& l 
- 100 2. 

.5 400- 
* - .  - :  

.a . - 50 ;" 
.DH 

.sJN . 
F= .DH .FC 20 u” 

.FC - - 10 

200:, I- 5 
7 8 9 10 11 12 7 8 9 10 11 12 

Ni (wt%) Ni (wtX) 

FIG. 1. Logarithmic plots of (a) Au, (b) As, (c) Ga, (d) Ge, (e) Ir, (f) Re, (g) W, and (h) Cr against Ni for 
group IVA meteorites. The four silicate-bearing meteorites are labeled: Bishop Canyon (BC), Gibeon (Gi), Sao Jo20 
Nepomuceno (SJN), and Steinbach (St). The three high-Ni IVA irons meteorites, which are discussed in the text, 
are: Chinautla (Chi), Duel Hill ( 18.54) (DH), and Fuzzy Creek (FC). Data from sources listed in Table Al. 

also cause the Au-Ni and As-Ni trends to flatten with increas- 
ing Ni (Fig. 1). 

Malvin et al. ( 1984) noted that Cu concentrations in Fuzzy 
Creek and Duel Hill are about 2~ higher than predicted from 
an extrapolation of the negative Cu-Ni trend shown by IVA 
irons with ~96 mg/g Ni. They suggested that the reversal 
in the Cu-Ni trend was due to anomalous addition of a liquid 
rich in FeS and Cu during the crystallization of these irons. 
However, we believe a more plausible explanation is a rapid 
decrease in the Cu distribution coefficient with increasing S 

concentration in the liquid. Sellamuthu and Goldstein ( 1985) 
observed such a decrease in their dynamic experiments. 

To search for other irons that may be related to group 
IVA, we have plotted in Fig. 2 the compositions of group 
IVA irons and ungrouped irons with 0.5-5 pglg Ga and 
0.03-0.3 pg/g Ge. Dermbach, which has 42% Ni, and EET 
87516, which has a Ga concentration in the IVA range but 
has not been analyzed for Ge (Wasson, 1990), do not appear 
to be related to group IVA. Only four other ungrouped irons 
have Ga and Ge concentrations in the ranges shown in Fig. 
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FIG. 2. Logarithmic plots of (a) Ir vs. Au, (b) Ga vs. Ni, (c) Cu vs. Au, and (d) Ge vs. Ga for iron meteorites 
in group IVA and some ungrouped iron meteorites with compositions close to those of group IVA iron meteorites: 
EET83: EET 83230; Tu: Tucson; GR: Glen Rose; SP: Santiago Papasquiero. EET 83230, unlike the others, appears 
to be closely related to group IVA and may be a high-Ni member. 

2. This is many times less than the number with Ga and Ge 
concentrations near group IIIAB values. 

Of the irons currently classed as ungrouped that are plotted 
in Fig. 2, Tucson, Glen Rose, and Santiago Papasquiero lie 
far from the IVA field on the Ga-Ni plot (Fig. 2b) and are 
clearly unrelated to group IVA. However, EET 83230, which 
has been analyzed for fifteen elements by Wasson et al. 
( 1989) and Jarosewich ( 1990)) shows a remarkable chemi- 
cal affinity for group IVA, despite a Ni concentration of 
16.3%. On interelement plots, EET 83230 matches fairly 
well extrapolations of the chemical trends defined by the 
high-Ni IVA irons, including those discussed above. On Ga- 
Ni, Ge-Ni, and P-Ni plots, the high-Ni trends are not well- 
defined, but for Ga-Ge, Ir-Au, and Cu-Au (Fig. 2) and on 
plots of Au, As, Ir, W, Co, and Cr against Ni (Fig. 2 of 
Malvin et al. ( 1984) and our Fig. 1 ), we find strong evidence 
for a link between EET 83230 and group IVA. The low 
background of ungrouped irons in Fig. 2 enhances this belief. 
The major reason for doubting that EET 83230 is a IVA 
member is the uncertainty in the large extrapolation of group 
IVA to higher Ni concentrations. In our fractional crystalliza- 
tion modeling of IVA trends, we were unable to generate 
fractionation trends that extend to the composition of EET 
83230. But this may not be a valid reason for doubting the 
relationship with IVA as we also failed to satisfactorily 
model the compositions of Duel Hill (1854) and Fuzzy 
Creek. In the Appendix (Table A2), we tentatively list EET 
83230 as a IVA iron. 

3.1.2. Siderophile element trends in IVA irons 

The chemical trends defined by group IVA iron meteorites 
in Figs. 1 and 2 are in general similar to the trends defined 
by group IIIAB, the largest group of iron meteorites (Haack 
and Scott, 1993). Some differences may, however, be im- 
portant in understanding the formation of these two large 
groups of iron meteorites. On the Au-Ni and As-Ni plots, 
group IIIAB trends are linear, but IVA trends are markedly 
curved and level off at high Ni concentrations. 

With the addition of the high-Ni IVA irons discussed above, 
group IVA shows reversals in the Ga-Ni and Ge-Ni trends 
that are analogous to those in group IIIAB. The banana-shaped 
Ni vs. Ga and Ge trends observed in IVA are rotated counter- 
clockwise relative to the corresponding trends in IIIAB. This 
difference is probably part of a general trend from S-rich 
IIAB, which shows predominantly negative Ga and Ge-Ni 
trends, to S-poor group IVB, which shows positive correla- 
tions. The increases of KGa and KG, with S (Jones and Malvin, 
1990; Haack and Scott, 1993) probably account for these 
changes. The negative slope of the Ni-Ir trends in these groups 
also decreases from IIAB to IVB (Scott, 1972). 

The near-vertical Ga-Ni and Ge-Ni trends observed in 
low-Ni group IVA irons in Fig. 1 seem to require that the 
solid crystallizing from the IVA core did not change its Ni 
concentration during the first phase of the crystallization 
process. This is enigmatic since KNi initially is less than unity 
and is expected to increase as S increases in the liquid during 
crystallization. 
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FIG. 3. Photographs of the Steinbach stony-iron meteorite. (a) A polished slice showing -30 ~01% white grains 
of metallic Fe,Ni and troilite in a dark silicate matrix. Most metallic grains are uniformly distributed with apparent 
widths of 1- 10 mm although two larger metal-rich areas are present. Longest dimension: 51 cm. (b) Part of an etched 
slice showing fine, oriented kamacite lamellae in metallic Fe,Ni grains that are rimmed by kamacite. The continuity 
of the Widmanstatten pattern across the field shows that the grains are connected and once formed a single large 
skeletal taenite crystal. Width: 34 mm. (Photos from Dr. Hans-Joachim Blankenburg.) 

3.1.3. Metal in IVA stony irons 

On most interelement plots, the compositions of the metal- 
lit portions of the two stony irons, Steinbach and SHo JoHo 
Nepomuceno, are indistinguishable from those of the IVA 

g). These small differences, which may result from prob- 
lems with silicate contamination or sample heterogeneity, 
shift Steinbach to the high-Ni edge of the IVA field on some 
plots but do not affect our basic conclusions. 

irons (Fig. 1) . The Au and As concentrations in Steinbach 
seem somewhat high, and Cr in SHo Jo20 Nepomuceno is 
rather low. But overall, they appear to plot as close to the 
IVA trends as most IVA irons. 

J. T. Wasson (pers. commun., 1995) has analyzed new 
samples of Steinbach metal and finds a higher Ni concentra- 
tion than Schaudy et al. ( 1972) reported ( 10.0 vs. 9.1%) 
and a lower Au concentration than we list (2.5 vs. 2.9 PgI 

3.2. Mineralogy of Silicate-bearing IVA Meteorites 

3.2. I. Steinbach 

The unusual metal-silicate texture of Steinbach is shown 
in Fig. 3a, a photo of the largest specimen, which is at the 
Bergakademie Freiberg (Hoppe. 197.5; RSsler et al., 1978). 
Metal and troilite, which cannot be distinguished from each 



1620 E. R. D. Scott, H. Haack, and T. J. McCoy 

FIG. 4. Photomicrographs of the Steinbach meteorite. (a) Reflected-light photomicrograph showing pyroxene (Fs 
15) between Fe,Ni metal (m) and tridymite (si). Troilite (t) occurs as large interstitial grains and tiny blebs in 
pyroxene. Tridymite (si) contains a circular inclusion of pyroxene. (b) Transmitted light photomicrograph in crossed 
polars showing tridymite (si) partly surrounding and embaying two interlocking orthobronzite (0) crystals; the smaller, 
darker one in the center contains patches of twinned clinobronzite. Scale bars: 50 pm. 

other in this photo, occupy 29 ~01% as irregularly shaped 
grains. Except in two small, metal-rich areas, metallic grains 
are fairly uniformly distributed, generally have apparent 
sizes of l-20 mm, and typically appear to be enclosed by 
silicate. However, etching of the metal shows that the Wid- 
manstgtten pattern is uniformly oriented over distances of at 
least several cm (Fig. 3b). Plate 3 1 of McCall ( 1973) shows 
a 96 mm wide slice, which also has a single WidmansGtten 
orientation. Thus, the metal grains in Steinbach form a net- 
work in which taenite crystals can exceed 10 cm in length. 
A mixture of pyroxene and SiOz fills the spaces within this 
network with apparent grain sizes of l-4 mm. 

In thin section, metal-silicate and silicate-silicate grain 

boundaries are typically complex, not straight. Metal-silicate 
boundaries are scalloped (Fig. 4a) : metallic cusps mark ex- 
isting and presumably, preexisting, silicate grain boundaries 
and fractures. Troilite forms partial rims on some metal 
grains and grains between silicates. In addition, most pyrox- 
enes contain tiny inclusions of troilite and more rarely, metal, 
that may be rounded or irregular in shape (Fig. 4b). Pyrox- 
enes and SiO, are intergrown as if they co-crystallized 
(Fig. 4b). 

Reid et al. (1974) and Dollase (1967) identified the sili- 
cates as orthobronzite, clinobronzite, and tridymite; we did 
not identify any others. Abundant orthopyroxene typically 
exhibits sharp extinction. Twinned clinobronzite occurs as 



Origin of IVA iron and stony-iron meteorites 1621 

Table 2. Modal analyses (vol.%) of thin sections of Steinbach. 

Mineral 
USNM UH UH UH 

496 232P 209 210 
UH 
212 

UH UH 
214 23 1 Average5 

37.2 38.2 18.0 70.0 21.6 49.7 47.8 42.7 3.0 32.2 
0.8 5.6 8.2 0.8 8.9 1.2 1.7 18.9 6.6 

FeOOHl 2.9 0.0 0.7 0.1 0.5 0.0 :.:: 
Onhobronzite 45.8 42.34 41.5 16.6 39.8 31.3 34.2 

0.4 0.1 0.6 
36.7 49.1 38.0 

Clinobmnzite* 
Tridymite 

1::: 
13.8 

3.6 0.0 
27.7 12.4 

2% 0.0 0.3 0.8 2.2 1.6 
17.6 12.3 17.5 26.4 20.8 

Chromite 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

#of Counts 1483 978 1164 740 559 249 251 234 1291 
‘4rea (mw 150.5 219 540.5 245 213 88 88 76 174 1194 

Metal/Silicate3 0.7 0.8 0.4 2.4 0.5 1 .o 1.1 0.8 0.3 0.7 
F’xRrid 4.0 3.1 1.6 1.3 1.5 1.8 2.8 2.1 1.9 1.9 

1 Hydrated iron oxides of terrestrial origin. 
2 Striated low-Ca pyroxene. 
3 Ratio: (Fe,Ni+Troilite+FeOOH) I (Opx+Cpx+Trid) 
4 Opx and Cpx could not be distinguished. 
5 Weighted Average; Individual sections weighted by section area. 

islands inside large orthopyroxene crystals and occasionally 
along pyroxeneSi0, contacts. In some instances, clinobron- 
zite islands in different orthopyroxenes several millimeters 
apart have uniform orientations. Modal analyses of nine 
Steinbach thin sections having a combined area of 18 cm’ 
are shown in Table 2. Overall, metal and troilite (and their 
weathering products) occupy 39 vol%, c.f. 29% from Fig. 
3a. Chromite, though present in most thin sections, occupies 
<O. 1%. The pyroxene/tridymite ratio varies from 1.3 to 4 
in the nine sections analyzed, consistent with the large grain 
sizes. Our mean value of 1.9 for the pyroxene/tridymite ratio 
is somewhat higher than that of Prinz et al. (1984) who 
found a ratio of I .3. Twinned clinopyroxene is highly vari- 
able in abundance in thin sections, ranging from 0 to 3.6 
vol%. 

We have analyzed orthopyroxene, low-Ca clinopyroxene 
and tridymite in Steinbach (Table 3 ) . Our analyses of ortho- 
and clinobronzite agree well with those of Reid et al. ( 1974). 
We confirm that the mean composition of orthopyroxene 
grains is higher in Ca and Fe and lower in Mg than the 
clinopyroxene mean, although these differences are well 
within the la variations of individual analyses. Differences 
in the Fe0 concentrations are consistent with derivation by 
quenching of clinopyroxene from protopyroxene that equili- 
brated with orthopyroxene at 1200°C (Reid et al., 1974). 
Tridymite contains O.l-0.2% A1203, FeO, and NaZO. 

3.2.2. SrZo Joao Nepomuceno 

The whole Sao JoHo Nepomuceno meteorite including 
several complete slices is located at the Smithsonian Institu- 
tion. Very brief descriptions have been published by Bild 
(1976, 1977) and Prinz et al. (1984) who found that the 
major silicates were tridymite, orthobronzite, and clinobron- 
zite, as in Steinbach. 

Silicates comprise 19 ~01% of the surface area of a 20 
X 10 cm slice but they are distributed very heterogeneously. 
Figure 5 shows a silicate-rich portion of this slice; the largest 

silicate-free area is 10 x 20 cm. At least six different parent 
taenite crystals are visible in this slice; the largest is 4 X 8 
cm. Silicates are partly concentrated on the taenite grain 
boundaries. Silicate-rich regions show metal-silicate in- 
tergrowths that resemble those in Steinbach. 

The three thin sections of SBo JoHo Nepomuceno that we 
studied, which are all from silicate-rich regions, show silicate 
textures that are very similar to those in Steinbach except 
for the extensive terrestrial weathering in two sections of 
S&o JoHo Nepomuceno. Modal analysis shows that, as in 
Steinbach, orthobronzite is much more abundant than clino- 
bronzite (Table 4). Tridymite, and possibly also clinobron- 
zite, constitutes a smaller fraction of the silicates in Sao Joao 
Nepomuceno than in Steinbach. 

Orthobronzite is slightly poorer in Fe0 than in Steinbach; 
Fs 14.2 ? 0.2 cf. Fs 15.0 ? 0.5 in Steinbach (Table 3). 
As in Steinbach, the mean composition of orthobronzite is 
marginally higher in Ca, Fe, and Al and lower in Mg than 
the mean composition of clinobronzite, although the differ- 
ences are within the la variation of individual analyses. 
Tridymite contains concentrations of A1203, FeO, and Na,O 
(0.2-0.3%) that are slightly higher than those in Steinbach. 

3.2.3. Bishop Canyon 

Silica was reported in a single specimen of Bishop Canyon 
( ASU no. 360.1) : two silica grains were identified by Buch- 
wald (1975). For our study, the sample was cut perpendicu- 
lar to the plane of the original surface to allow more detailed 
petrographic descriptions and chemical analyses. This shows 
that the two grains are plate-like grains with maximum di- 
mensions of 10 and 5 mm (Fig. 6). Troilite with exsolved 
daubreelite occurs around the grains. The silica is probably 
tridymite, as noted by Buchwald ( 1975 ) Concentrations of 
Na and Al are lower than in the two IVA stony irons, but 
the Fe0 concentration of 0.4 ? 0.3 is higher (Table 3). 
Analyses of thirteen points in the silica grains revealed no 
systematic zoning. 
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Table 3. Silicate compositions (wt. %) in IVA iron meteorites. 

Meteorite Mineral SiOz TiO2 Al203 Cr2O3 

Haack, and T. J. McCoy 

Fe0 MnO MgO CaO Na20 Total N FS 

Steinbach Opx 

CPX 

SiO2 

So Jolio Opx 
Nepomuceno 

CPX 

SiO2 

Gibeon SiO2 

Bishop 
Canyon 

Si@ 

56.1 <0.03 0.25 
0.33 0.14 

56.2 <0.03 0.22 
0.38 0.03 

99.6 n.d. 0.23 
0.24 0.05 

55.9 <0.03 0.28 
0.11 0.07 

56.1 <0.03 0.22 
0.16 0.01 

99.6 n.d. 0.31 
0.20 0.02 

99.6 n.d. 0.04 
0.47 0.03 

100.0 n.d. 0.02 
0.42 0.01 

0.58 9.86 0.53 31.1 0.31 <0.03 98.73 6 15.0 
0.19 0.32 0.01 0.38 0.13 0.5 
0.49 9.50 0.49 31.5 0.14 <0.03 98.54 6 14.5 
0.05 0.28 0.04 0.25 0.08 0.5 
n.d. 0.08 n.d. co.03 <0.03 0.13 100.04 10 

0.05 0.03 

0.74 9.30 0.59 31.2 0.45 <0.03 98.46 3 14.2 
0.11 0.08 0.05 0.31 0.18 0.2 
0.53 8.97 0.53 31.8 0.12 <0.03 98.27 2 13.6 
0.12 0.00 0.02 0.06 0.01 0.0 
n.d. 0.20 n.d. co.03 co.03 0.18 100.29 10 

0.20 0.02 

n.d. 0.36 n.d. <0.03 co.03 co.03 100.00 10 
0.13 

n.d. 0.39 n.d. co.03 co.03 co.03 100.41 13 
0.29 

Italicized figures are la of compositional variability of the N analyses 
n.d. = not determined 

3.2.4. Gibeon 

Although Gibeon is one of the most widely distributed 
iron meteorites, silicates are very rare (Buchwald, 1975). 
Schaudy et al. (1972) described a specimen in which tridy- 
mite formed intersecting veins 1 mm wide and more than 
25 mm long. They inferred that enstatite platelets reported 

in another Gibeon sample were actually tridymite also. We 

report some new observations and chemical data from the 
Schaudy et al. (1972) sample: further details are given by 
Ulff-M@ller et al. ( 1995). 

We observed three silica grains, 9 by 1 mm, 6 by 1 mm, 
and 6 mm by 600 pm, which appear to be fragments of a 
single plate-like crystal. The first two grains are aligned but 
the third appears to be misoriented by lo”. We infer that the 
silica crystal was originally at least 21 mm long, and that 

FIG. 5. Part of a polished and etched slice of the Sgo Jolo Nepomuceno IVA stony-iron meteorite showing silicates 
heterogeneously distributed in Fe,Ni metal having a fine octahedral Widmanstltten pattern. The silicate-rich region 
in the upper half resembles Steinbach (Fig. 3). The silicate mineralogy (orthobronzite, tridymite, clinobronzite) and 
metal compositions are also very similar. Scale bar: 2 cm; Smithsonian Institution photo. 
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Table 4. Modal analyses (vol.%) of three Sb Job Nepomuceno 
thin sections. 

Mineral 1 2 3 Average’ 

Fe,Ni Metal 39.6 0.1 62.1 44.1 
Tmilite 1.6 3::: 1.2 4.6 

FeOOHt 6.4 Orthobronzite 46.7 63.8 2:::: 3E 
CIinobronzitez 0.0 0.2 0.0 0:1 
Tridymite ii 1.7 2’: 5.1 
chmmite 0.1 0.1 

# of Counts 2000 836 4345 
Are.a (mn4 103.5 68.5 192 364 

Metal/Silica@ 0.9 0.5 2.4 Px/Trid 8.3 37.6 4.0 ::: 

1 Hydrated iron oxides of terrestrial origin. 
2 Striated low-Ca pyroxene. 
3 Ratio: (Fe,Ni+Troilite+FeOOH) I (Opx+Cpx+Trid) 
4 Weighted Average; Individual sections weighted by section area. 
All three section are un-numbered and labelled as follows: 1, “Nepo-1”; 

2, “Nepo-2”; 3, “USNM”. 

it was broken before the formation of the Widmanstatten 
pattern. 

The Gibeon tridymite crystal contains <0.03 wt% MgO, 
CaO, and Na*O, as in the Bishop Canyon tridymite (Table 
3). Mean Fe0 and AlzOi concentrations are also comparable 
in the two occurrences, but the Gibeon crystal is systemati- 
cally zoned: Fe0 concentrations increase from 0.1 wt% in 

z 0.3 - 

0 
0.2 - 0 0 - 

4 'R 0 

0 

cl 

0.1 - I3 
l 

0 
0 O” 0 

. l . 

0.09 

0 
I I I I 

0 250 500 750 1000 

Distance (pm) 

FIG. 7. Zoning profiles across an SiO, grain in the Gibeon IVA 
iron: AlzO, concentrations decrease from core to rim, whereas Fe0 
concentrations increase. 

the core to 0.2 wt% in the rim while A1203 decreases from 
0.09 to 0.02 wt% (Fig. 7). 

4. DISCUSSION 

4.1. Fractional Crystallization Models for IVA Metal 

4.1.1. Distribution coejficients and models 

We have modeled the compositional trends defined by the 
group IVA iron meteorites using a simple one-dimensional 
fractional crystallization model (Haack and Scott, 1993). 
The solid metal/liquid metal distribution coefficients (K) 

FIG. 6. Sample of Bishop Canyon, a WA iron meteorite, that contains rare silica. Two dark, plate-like grains are 
visible at the bottom of the nearly perpendicular faces. Arizona State University specimen 360.1: length of straight 
edge is 3.2 cm. 



1624 E. R. D. Scott, H. Haack, and T. .I. McCoy 

s (wtz) 
FIG. 8. Apparent distribution coefficient for S (KS) against S 

concentration in the liquid for the three closed-system, fractional 
crystallization models. Model A uses an equilibrium value of 0.01 
for KS. Model B uses an empirical relationship for KS derived from 
group IIIAB data (Haack and Scott, 1993). Model C uses an equilib- 
rium value of 0.01 for liquids with <6% S. and the model B relation- 
ship for liquids with >6% S. 

and their dependence on S and P concentrations are based 
on the formulations of Jones and Malvin ( 1990). Coeffi- 
cients for Ga and Co in the S-free system were modified as 
described in Haack and Scott ( 1993). We have investigated 
a range of models to study the effects of ( 1) different initial 
S concentrations in the liquid, (2) trapping of S-rich liquid 
during crystallization, and (3) assimilation or addition of 
liquid during crystallization. We present the results of four 
models which best illustrate the effects of these parameters. 
In all four, after each crystallization step the liquid was 
assumed to be completely mixed. This is a necessary, al- 
though only approximately correct, assumption in this type 
of simple one-dimensional model. Initial liquid compositions 
were treated as free parameters. 

The three closed-system models (A-C) differ chiefly in 
their distribution coefficients for S and their dependence on 
the S concentration in the liquid. Prior to the work of Haack 
and Scott ( 1993), fractional crystallization models for iron 
meteorites used KS = 0, since the equilibrium solubility of 
S in solid metal is very close to zero (Willis and Goldstein, 
1982). For our equilibrium model (model A), we used KS 
= 0.01. However, Haack and Scott ( 1993) argued that the 
presence of troilite nodules indicates much higher apparent 
values for KS, which they attributed to the accumulation of 
S-rich liquid in structural traps formed by the advancing 
solid or at the top of the core. In our model B for group 
IVA, we have used the same dependence of apparent KS on 
S that Haack and Scott (1993) used to model the IIIAB 
trends (Fig. 8). 

If liquid trapping was aided by the formation of immisci- 
ble S-rich liquids in the boundary layer, as Kracher et al. 
(1977) and Haack and Scott (1993) believed, then we might 
expect that trapping of S could only take place above some 
threshold S and P concentration where formation of immisci- 
ble liquid is possible. The S concentration of IIIAB and IVA 
irons (Buchwald, 1975) and the fractional crystallization 
models of Jones and Drake (1983) and Sellamuthu and 

Goldstein ( 1985) suggest that the initial S concentration of 
the IVA liquid was indeed less than that in the IIIAB core. 
Thus, our third model (C) is a composite model: for liquids 
with <6% S (the initial S concentration in our preferred 
model for IIIAB) we use KS = 0.01, as in model A, and for 
liquids with >6% S, KS increases continuously from 0.65, 
as in model B (Fig. 8). This is consistent with the observa- 
tion that low-Ni IVA irons have less troilite than high-Ni 
IVA members (Buchwald, 1975). For simplicity, in models 
C and D we have used the same initial liquid composition 
that was chosen for model A (Table 5). For model B, we 
chose an initial liquid composition that would give the same 
trajectory on interelement plots as model C for liquids with 
>6% S. 

Pemicka and Wasson (1987) and Malvin (1988) proposed 
that a primitive liquid with approximately chondritic ratios 
of siderophiles leaked into the core during crystallization. 
This would significantly increase the Ir concentration in the 
highly depleted residual liquid during the final stages of 
crystallization and thus increase the Ir concentration of the 
crystallizing solid. Haack and Scott (1993) argued that it 
was not possible to supply the core with molten metal during 
crystallization since the base of the mantle and the top of 
the core were almost entirely solid. However, a similar effect 
can be obtained before the dendrites reached the center of 
the core if the liquid in the central region below the tip of 
the deepest dendrite is not being mixed with the inter-den- 
dritic liquid (Haack and Scott, 1992). This is possible since 
the interdendritic liquid is richer in S and P and thus lighter 
than the liquid below the tip of the dendrites. We have there- 
fore included the effects of assimilation in one of our IVA 
models of fractional crystallization. 

Malvin ( 1988) suggested that the amount of liquid leaking 
into the core in each crystallization step was fixed. We find 
this unlikely since it becomes increasingly difficult to extract 
liquid metal from the mantle as it cools. Also, in our scenario 
it becomes increasingly difficult to find a source of pristine 
liquid as the dendrites penetrate to the center of the core and 
boundary layer liquid is contaminating the original liquid at 
all depths. We therefore chose to model assimilation by add- 
ing an amount of pristine liquid, in each crystallization step, 
which was proportional to the amount of liquid remaining 
in the core. In our model D we added an amount of liquid 
equal to 1% of the remaining liquid in each of the 10“ steps. 
The total amount of liquid thus added is 50 times the starting 
volume of liquid. This is equivalent to initially having only 
the upper 2 ~01% of the liquid core taking part in the frac- 
tional crystallization. In this scenario the upper interdendritic 
liquid would be mixed by convection forced by the density 
differences due to S gradients. Thermal convection would 
probably continue in the lower part of the core although the 
release of latent heat in the upper core would make convec- 
tion less vigorous. We do not consider this assimilation 
model (model D) to be realistic, but it is an extreme case 
that illustrates the effects of assimilation. In model D, we 
used the KS vs. S values from model C (Fig. 8). 

4.1.2. Results of crystallization modeling 

Figure 9 shows the calculated fractional crystallization 
paths for group IVA from models A-D on Ni-Ge and Ni- 
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Table 5. Initial and final liquid compositions in our models of the fractional 
crystallization of the NA core. 

A 
I& 

co G G Ir N 
I& I& wk wh 

S P Eutec. liquid 
m&g wt% wt% vol% 

gg-c _ _ 0.115 2.0 8.40 2.5 0.25 
Fiial - - - 0.000 0.00 9.68 27.5 1.65 8.9 

w 
Final : : : 

0.114 4.3 8.17 3.9 0.2 
0.000 0.000 12.75 12.86 6.33 1.7 

!i%F 1.50 3.95 2.0 0.115 2.0 8.40 2.5 0.25 
Fiial 4.81 5.01 0.001 0.000 0.000 12.76 12.86 6.33 2.2 

w 1.50 3.95 2.0 0.115 2.0 8.40 2.5 0.25 
Final 7.14 5.21 0.27 0.02 0.02 12.36 11.17 6.98 - 

Ir plots. These plots, together with Ni-Ga were found by 
Haack and Scott ( 1993) to be the most sensitive to the choice 
of KS, initial S, and the dependence of KS on S. We find 
that the IVA trends cannot be modeled with a model with 
KS = 0.01 (model A), in which virtually all of the S is 
concentrated into the liquid. In particular the Ga and Ge 
trends in IVA, as in IIIAB (Haack and Scott, 1993)) cannot 
be matched with such a model (Fig. 9a). The poor match 
is caused by the rapid increase in KG, and KGa with S. Al- 
though these distribution coefficients are larger than unity 
in IVA and the liquid is therefore being depleted in these 
elements, the solid concentration continues to increase due 
to the even faster increase in the distribution coefficients. 
Model B, which provides a slower increase in the S concen- 
tration following Haack and Scott ( 1993), therefore provides 

0.2c 

^M 
2 0.15 

-3 

s 

0.10 

I  I  I  I  I  

J I  I  I  I I  ,  

7 8 9 10 11 1 

Ni (wt%) 

l-7 

a better match to the relatively shallow Ga and Ge trends at 
high-Ni concentrations. In contrast, the low-Ni trends, which 
represent the initial part of the crystallization where the liq- 
uid S is still low, were not matched as well with model B. 
The shallow Ni-Ir trend and the steep Ni-Ga and Ni-Ge 
trends at low-Ni concentration are better modeled with 
model A (KS = 0.01) for S concentrations less than 6 wt%. 
Model C satisfactorily combines the virtues of both models. 
(Note that only for model A was the initial liquid composi- 
tion adjusted to maximize the match with the meteorite data. 
Liquid compositions for model B were chosen so that models 
B and C overlapped for liquids with >6% S) 

Figure 10 shows the calculated crystallization trends from 
models C (our preferred closed-system model) and D 
(model C plus assimilation) for the other elements for which 

Ni (wt%) 

FIG. 9. Logarithmic plots showing comparisons of calculated solid compositions for models A-D with IVA data 
for (a) Ge against Ni and (b) Ir against Ni. Models A-C use the KS-S relationships shown in Fig. 8. Model D uses 
the model C relationship with assimilation of primitive liquid throughout the crystallization of the core. Models C 
and D give the best matches to the IVA data. 
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FIG. 10. Logarithmic plots showing comparisons of solid compositions calculated for fractional crystallization 
models C and D with IVA data for (a) Au, (b) Ga, (c) P, and (d) Co against Ni. At low-Ni concentrations the two 
models converge and match the IVA data adequately. At high-Ni concentrations, neither model matches the IVA 
trends. 

distribution coefficients are available, Au, Ga, P, and Co 
(Jones and Malvin, 1990; Haack and Scott, 1993). Initial 
and final liquid compositions for models A-D are given in 
Table 5. Model C provides a good match to the IVA data 
up to =I0 wt% Ni. At higher Ni concentrations, the IVA 
trends seem to level off for the elements Au, P, and Co. 
None of our models show this effect. However, the assimila- 
tion model (D) shows some improvement over the other 
models at high Ni concentrations for Ir (Fig. 9b). For low- 
Ni concentrations, where the compositions of the primitive 
and fractionally crystallizing liquids are similar, the differ- 
ences between models C and D are insignificant. Although 
it seems unlikely that the original volume taking part in the 
fractional crystallization process was only 2% of the total 
core volume, as in model D, some kind of liquid mixing 
model may account for the poor match at high-Ni concentra- 
tions. 

We have tested a range of models with different initial S 
concentration and find that the best match to the data is 
obtained with models having an initial S between 1.5 and 
3.5 wt% S. Models with the higher initial S fit the Ni-Ge 
trend better, whereas models with the lower value fit the Ni- 
Ir trend better. Figure 11 shows the effect on model C of 
varying the initial S concentration between 1.5 and 3.5 wt% 
S. We choose 2.5 -C 1 wt% S as our best estimate of the 
initial S concentration. Figure 12a,b shows the variations of 
Ni in the crystallizing solid with the fraction crystallized and 
the S concentration in the liquid for the different models. 
Model C might be improved with a more gradual increase 

in the apparent distribution coefficient for S, but the overall 
match between model and data is not good enough to justify 
further modeling. Nevertheless, the match does imply that 
KS was much lower during the early part of the crystallization 
when the S concentration of the liquid was low. 

The large scatter in compositions observed among the 
high-Ni irons, Chinautla, Duel Hill, and Fuzzy Creek, is 
consistent with the tendency in group IIIAB for the scatter 
to increase with increasing Ni concentration (Haack and 
Scott, 1993). During the final stages of core crystallization, 
km-sized dendrites may have inhibited core-wide mixing of 
the remaining liquid and there were probably wide variations 
in liquid mixing efficiency within and between the various 
reservoirs (Haack and Scott, 1993). However, it is difficult 
to explain the high Ni concentration of EET 83230 ( 16 wt%) 
on the basis of IVA fractional crystallization models. The 
highest Ni concentrations obtained with our numerical mod- 
els are in the range 1 l- 13 wt% Ni. Furthermore, our models 
predict very low solid concentrations of elements like Ir, 
Ga, and Ge in the highest Ni members of IVA. Although 
concentrations of these elements in EET 83230 are lower 
than in group IVA members with 7-12% Ni, the scatter 
and poor match for irons with >lO% Ni prevent us from 
confidently classifying this iron as a IVA member. 

Arguments like those used for IIIAB (Haack and Scott, 
1993) suggest that our sample is broadly representative of 
the chemical diversity of solids that formed from the IVA 
magma, neglecting the small volume of S-rich material that 
represents the final stage of crystallization (Fig. 12). How- 
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FIG. 11. Logarithmic plots of (a) Ge and (b) Ir against Ni for model C showing the effect of changing the initial 
S concentration in the liquid. A concentration of 2.5 wt% S gives the best overall match with IVA data: this is the 
value used in models A, C, and D in Figs. 9- 10 and 12. 

ever, the paucity of IVA members with 8.6 t 0.2% Ni and 
discontinuities at this Ni concentration in kamacite band- 
width (Schaudy et al., 1972) and cooling rate (Rasmussen, 
1982; Rasmussen et al., 1995) suggest that the high-Ni and 
low-Ni IVA irons may have been derived from separate 
regions in the IVA reservoir. The chemical trends in Figs. 
1 and 2 do not show any strong evidence for a discontinuity 
around 8.6% Ni, but some of the difficulty in modeling IVA 
trends may arise because the IVA irons come from two or 
more dendrites that did not form in a single well-mixed 
magma. 

Our fractional crystallization modeling suggests that the 
compositions of the metal fractions of Sso Jo20 Nepomuceno 
and Steinbach match the calculated solid compositions after 
50% and 80%, respectively, of the magma fractionally crys- 
tallized (Fig. 12a). J. T. Wasson’s value of 10.1% Ni for 

a 1.0 

?I 
I 0.8 

3 
w 0.6 

& 

I  I  I  I  I  I  

Steinbach (pers. commun., 1995) would increase this figure 
to 90%. Because of the scatter of analytical data, we cannot 
preclude the possibility that major amounts of liquid were 
trapped in the stony irons during crystallization of metallic 
liquid between silicates. Concentrations of troilite in the me- 
tallic portions of Steinbach and S&o JoHo Nepomuceno (lo- 
20 ~01%; Tables 2, 4) are very much higher than any IVA 
iron (-3 ~01%; Buchwald, 1975), indicating substantial 
trapping of liquid by silicates. Our models (Fig. 12) and the 
binary Fe-S phase diagram imply that the metal portion of 
the stony irons began to crystallize around 1400°C. This is 
below the temperature of the silica-pyroxene eutectic in the 
olivine-SiOz system for the Fe/(Fe + Mg) ratio of IVA 
stony irons, that is to say, about 1500°C (Morse, 1980). 
Silica-pyroxene mixtures could crystallize hundreds of de- 
grees lower from a plagioclase-enriched liquid. 

30 

20 

Ni (wt%) Ni (wtX) 

FIG. 12. Plots of (a) fraction of liquid crystallized and (b) S concentration in the liquid against the Ni concentration 
in the solid for the fractional crystallization models A-D plotted in Figs. 8-11. Metal compositions in the two IVA 
stony irons, SBo Jogo Nepomuceno (SJN) and Steinbach (St), match the calculated solid composition after 50 ? 10% 
and 80 2 lo%, respectively, of the IVA core has fractionally crystallized. (Model D is omitted in (a) as primitive 
liquid is added during crystallization.) 
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4.2. Physical Setting for Crystallization 

Rasmussen ( 1982) suggested that group IVA irons formed 
in two separate bodies in an attempt to explain the high and 
variable cooling rates of the low-Ni IVA irons and the rather 
uniform, low rates of the high-Ni irons. Cosmic-ray exposure 
age data do not exclude such a possibility. Although seven 
out of eight low-Ni IVA irons have exposure ages within 
error of 400 My indicating that they experienced a common 
exposure event, only one of the two high-Ni irons has this 
age (Voshage and Feldmann, 1979). However, the continu- 
ity of the chemical trends in low-Ni and high-Ni IVA irons 
and the paucity of ungrouped irons in Fig. 2 make it very 
likely that all the IVA irons and stony irons crystallized from 
a single reservoir. We show above that the IVA chemical 
trends can be modeled as well as those in group IIIAB by 
using a lower initial S concentration of 2.5 5 1%. We there- 
fore argue that IVA, like IIIAB, fractionally crystallized 
from a single reservoir. 

I f  group IVA had crystallized from a small molten pool, 
we should expect to find some IVA irons containing wall- 
rock silicates with a mineralogy compatible with partial 
melting of chondritic material. But we do not. Instead, the 
abundance of IVA irons and the homogeneity of the numer- 
ous large Gibeon specimens with a total weight of 21 tons 
(Buchwald, 1975) suggest that the source was large, at least 
100 m in diameter in size. Metal pools this big, unless formed 
in an impact, quickly sink through silicate (Taylor, 1992). 
An impact origin for molten IVA metal is very unlikely as 
impact melts on asteroids should contain abundant cool 
clasts and cool rapidly. We therefore conclude that the metal 
in IVA irons and stony irons was derived from a single 
molten core that fractionally crystallized. 

4.3. Depletion of Moderately Volatile Siderophiles in 
IVA 

An important difference between group IVA and most 
other groups like IIIAB is the large depletion of Ga. Ge, 
and Cu relative to Ni, when normalized to CI chondrites. 
Depletions of moderately volatile siderophile elements are 
more extensive in group IVB irons and some ungrouped 
irons than in group IVA. In all cases, the depletions are 
inversely correlated with nebular condensation temperature 
(Wai and Wasson, 1979). Moderately volatile siderophiles 
in irons show trends that are analogous to those of chon- 
drites, except that the depletions in groups IVA and IVB are 
as much as lOO- 1000 times larger than those shown by any 
chondrite group (Palme et al., 1988). For example, Ga/Ni 
and Ge/Ni ratios in group IVA and IVB are lo-‘-lo-” 
times the CI chondrite values. 

Certain chondrules are depleted in moderately volatile 
lithophiles much more than whole chondrites. Weisberg et 
al. ( 1990) found a NalMg ratio in Renazzo type I chondrules 
0.03 times the CI value. Type II chondrules, which are much 
richer in volatiles, make up < 1% of the chondrule population 
in Renazzo and other CR chondrites (Weisberg et al., 1993). 
Thus, it is possible that matrix-poor, CR-like chondrites will 
be found with much larger depletions than those in currently 

known chondrites, but by no means certain that their deple- 
tions will approach the values in TVA and IVB irons. 

If  the concentrations of moderately volatile elements in 
group IVA are not inherited from their chondritic precursors, 
some planetary mechanism must be invoked. Chalcophile 
elements may have been removed from differentiated aster- 
oids by explosive loss of Fe-Ni-S melts, but Ga and Ge 
are siderophile and are depleted 1-100X more than S in 
group IVA and IVB irons (Keil and Wilson, 1993 ) Another 
planetary mechanism that might be invoked is impact. Weth- 
erill ( 1992) has speculated that igneous meteorites may be 
fragments of lunar-sized planetary embryos that formed in 
the asteroid belt, whereas chondrites are from smaller plane- 
tesimals that failed to accrete into the lunar-sized bodies. It 
is unclear how large impacts, even of lunar-sized bodies, 
could fractionate volatile from refractory siderophiles. In 
addition, most iron meteorite groups have abundances of 
moderately volatile siderophiles that are comparable to those 
observed in chondrites. We conclude that planetary mecha- 
nisms are even less plausible than nebular ones for depleting 
moderately volatile siderophiles in group IVA and IVB irons. 

Group IVB irons and similarly depleted ungrouped irons 
do not share any unusual characteristic with group IVA be- 
sides a low abundance of moderately volatile siderophiles. 
Group IVB irons, for example, have uniform cooling rates 
consistent with a core origin (Rasmussen, 1989) and do not 
contain silicates. (A tentative identification of silicates in 
the IVB iron, Weaver Mountains by Buchwald ( 1975) needs 
confirmati0n.j It therefore seems unlikely that there is any 
connection between the low volatile content of group IVA 
and its unusual silicates and wide range, of metallographic 
cooling rates. 

4.4. Origin of Silicates in IVA Irons and Stony-Irons 

Prinz et al. (1984) briefly outlined two models for the 
formation of silicates in IVA stony irons; both models have 
major problems but other models have not been proposed. 
In the first model, a pallasite-like olivine cumulate is con- 
verted to low-Ca pyroxene and silica by reaction with Si- 
bearing metal. Prinz et al. (1984) preferred a two-stage 
model in which an olivine-pyroxene cumulate is first formed 
from a chondritic liquid. A second heating event after ‘mi- 
gration of incompatible elements’ causes eutectic melting on 
the pyroxene-SiOz join. Neither model specifically ad- 
dresses how metal and silicate were mixed. Here we will 
briefly discuss certain aspects of these models and propose 
an alternative model. 

Occurrences of silica in the IVA irons, Gibeon and Bishop 
Canyon, may be unrelated to those in the stony irons in view 
of the differences in morphology and composition. Concen- 
trations of Na and Al in silica in the two irons are much 
lower than in the stony irons (Table 3). Although trace 
amounts of silica have been reported in a few IIAB and 
IIIAB irons (Kracher et al., 1977; R. W. Bild, pers. commun. 
1991), silica appears to be more abundant in the IVA irons 
than in other groups as the rare grains in Bishop Canyon 
and Gibeon are exceptionally large. The silica plates in the 
IVA irons may have formed during crystallization of the 
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Fe,Ni core in the same way that phosphates in troilite nodules 
in many irons are believed to have crystallized (Buchwald, 
1984). 

Prinz et al. ( 1984) suggested that the proportions of silica 
and pyroxene in the IVA stony irons are appropriate for a 
eutectic mixture. However, our data and those of Prinz et 
al. (1984) show that the pyroxene-tridymite ratio in 
Steinbach (1.9 and 1.3) is significantly lower than in Sao 
Joao Nepomuceno (7.4 and 5.5). Although our value for 
Sao Jogo Nepomuceno is close to the eutectic value for 
the SiO*-MgSiO? system, substitution of Fe0 would give a 
higher value (Morse, 1980). Averaging data for Steinbach 
and Sao Jogo Nepomuceno, as Prinz et al. (1984) suggest, 
does not provide convincing support for an origin as a binary 
eutectic liquid. 

In support of some pallasite-like origin for the IVA stony 
irons, there are certain similarities between the metal-silicate 
textures in the IVA stony irons and those in pallasites that 
have rounded olivines, like Brenham. These similarities in- 
clude the rather uniform proportions of silicate and metal 
and the sizes of silicate grains. In rounded-olivine pallasites 
this texture is attributed to the weight of cumulate olivine 
crystals depressing olivine crystals into the denser metallic 
Fe,Ni at the core-mantle boundary (Wood, 198 1) . An analo- 
gous phenomenon is observed in nickel sulfide deposits at 
the base of ultramafic flows (Usselman et al., 1979). Bren- 
ham and SBo Joao Nepomuceno also contain large silicate- 
free volumes of metal that separate uniform metal-silicate 
volumes. This is best illustrated by comparing the IVA stony 
iron to the slice of the Brenham pallasite shown in Plate 
XVII of Nininger ( 1952). These silicate-free zones may 
result from late impact or tectonic events. 

In theory, olivine in a pallasitic assemblage could be con- 
verted to pyroxene-silica in a Steinbach-like assemblage by 
reducing fayalite to metal and silica using Si in metallic 
Fe,Ni. Low-Ca pyroxene could form by reacting silica with 
olivine. A more plausible precursor would be a pyroxene- 
bearing pallasite, like Yamato 8451 (Yanai and Kojima, 
1995 ), as the IVA pyroxenes contain significant amounts of 
Ca and Al that could not be obtained from a pure-olivine 
source. However, it is very difficult to derive enough Si from 
the metal core as the IVA pyroxenes are currently much 
more oxidized (Fs 14- 1.5) than those in equilibrium with Si- 
rich metal, such as in equilibrated E chondrites. In the IVA 
core we should expect only ppm levels of Si when it was 
molten (e.g., Wasson et al., 1994). Even if this Si reacted 
with FeO-bearing olivines on cooling, the volume of any 
Steinbach-like products would be trivial. Crystallization of 
silica-pyroxene from a silica-rich magma is more plausible 
(Ulff-Moller et al., 1995). 

Since static models of slowly cooling asteroids do not 
provide plausible environments for the mixing core metal 
with SiOz-rich silicates, we briefly consider a dynamic 
model. Haack et al. (1995) find from their transmission 
electron microscopic studies of the Steinbach pyroxenes that 
they were quenched from 1200°C in a few hours, confirming 
the work of Reid et al. ( 1974). Haack et al. ( 1995) conclude 
from this and other thermal constraints that the IVA parent 
body was impacted by a large projectile after the core had 

largely crystallized and that fragments of core and mantle 
were mixed together and reaccreted. If  this event mixed hot 
metal fragments and S-rich metallic liquids with SiOz-rich 
rocks, it may have generated a partial melt capable of crys- 
tallizing low-Ca pyroxene and silica simultaneously. Resid- 
ual plagioclase-rich liquid could have been removed when 
these silicates were depressed into molten S-rich metal. 

The large size of the silica and pyroxene crystals in the 
IVA stony irons may not be incompatible with the rapid 
subsolidus cooling rates indicated by Haack et al. ( 1995) as 
some chondrules have formed large crystals of these phases. 
However, the small compositional differences between or- 
thopyroxene and clinopyroxene (Table 3) require some sub- 
solidus equilibration. Detailed thermal models are required 
to test this model further. 
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Malvin et al. (1984) suggested that Huangling might resemble 
Steinbach and SIo Joao Nepomuceno because Bian (1981) had 
tentatively listed it as a mesosiderite. However, this classification 
by Bian (1981) was not based on petrographic study but on the 
analysis of the metal by Li et al. ( 1979), who did not identify 
any mineralogical features characteristic of mesosiderites. The large 
discrepancy between the analyses of Li et al. ( 1979) and Malvin et 
al. ( 1984) raises the possibility that their samples were from different 
meteorites. Since Malvin et al. (1984) analyzed only drillings of 
Huangling, it is possible that their sample was a mislabeled specimen 
of Guanghua, which was found in the same province. 

APPENDIX 

Table Al lists all the sources of data for IVA irons and stony 
irons that we have plotted in Figs. 1 and 2. The names of all IVA 
members and the references for their classification are given in Ta- 
ble A2. 

Malvin et al. ( 1984) found that three of the five IVA irons from 
China have compositions that are virtually indistinguishable: Huan- 
gling, Guanghua, and Yingde. Although they can be distinguished 
from all other analyzed IVA irons, Malvin et al. ( 1984) tentatively 
concluded that the three were not paired. We have italicized all three 

Malvin et al. (1984) argued that it was unlikely that Guanghua 
and Yingde were related because the 300 kg Yingde was found 1000 
km to the south of Guanghua. However, the history of Yingde is 
poorly known: it was recovered in either 1860 or 1964 (Bian, 1981). 
We therefore consider it more plausible that these two meteorites 
are paired. In Figs. 1 and 2 and 9- 11 we have plotted only the mean 
values of the analytical data for Huangling, Guanghua, and Yingde 
obtained by Malvin et al. ( 1984). 

All data for Longchang (IVA-An) were omitted as Malvin et al. 
(1984) believed it had been contaminated when forged. In addition, 
the Ge analysis of Novorybinskoe by Scott and Wasson ( 1976) was 
excluded as contamination problems clearly affected the analysis. 

Table Al. Sources of analytical data for IVA irons. 

Source As Au Co Ga Ge P Ir NI Re W N 0. 

irons 
Creaser et al. (1993) x 5 
FouchC and Smales (1%6) X X 4 
Hoashi et al. (1992) x x x 
Jarosewich (19%) * X X x : 
Kracher et al. (1980) t x x x x 
Lewis and Moore (1971) X X ; 
Malvin et al. (1984) 5 x x x x x x x x x 
Moore et al. (1969) X x 1; 
Ryan et al. (19%) x x 
Schaudy et al. (1972) x x x x 3: 
Scott (1978a) X 

Scott and Wasson (1976) x x x x !  
Smales et al. (1967) x x X 11 
This work x x x X X 

Wasson et al. (1989) x x x x x x x x x f3 
* ALH A77255 is ungmuped. not a IVA iron (Malvin et al., 1984). 
t See also Table 7. 
$ See also Table 3. 

Table A2. Meteorites belonging to group IVA* 

Akyumaka. Allan Hills A78252b. Altonah, Alvorde, Bishop Canyon, Bodaibo, Boogaldi, 
Bristol, Bushman Land, Charlotte, Chinautla, Clebumee, Cranberry Plainse, Cratbeus (1931), 
Duchesne, Duel Hill (1854)d, Elephant Moraine 83230 (?)g, Fuzzy Creeks, Gibeonc, 
Cuanghuadf, Haniman (Of). Hill City, Humgling dt, Huizopa, Iron River, Jamestown, La 
Grange, Longchangd, Mantos Blancos, Maria Elena (1935). Mart, Millarvillec, Mt. Sir 
Charlesc, Muonionalusta, New Westville, Ningbod, Novorybinskoeb, Obernkirchen, 
Otchinjau, Para de Minas, Putnam County, Rembangb, Rica Aventurac, San Francisco Mtns., 
Sao Joilo Nepomucenoc, Seneca Township, Serrania de Varas, Shirahagib. Signal Mountain, 
Smithland, Social Circle, Steinbach, Western Arkansas, Wood’s Mountain, Yanhuitlan, 
Yingdedt, Yudomaf. 

* Classifications are from Schaudy et al. (1972) except as noted: a) Colakoglu and Ceylan 
(1988); b) Scott and Wasson (1976); c) Kracher et al., (1980); d) Malvin et al., (1984); e) 
Wasson et al., (1989); f) Buchwald (1975) and Graham et al. (1985). g) this work. 
omitted from this list is Railway (Schaudy et al., 1972). also known as South African 
Railways (Graham et al., 1985). as it is paired with Gibeon, according to Buchwald (1975). 

t These three irons are italicized because we believe that Guanghua and Yingde are paired, 
and the sample of Huangling analyzed by Malvin et al. (1984) may have been mislabelled. 


