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Abstract: The Y-791093 meteorite consists of volumetrically equal amounts of 

metal-sulfide-rich and chondritic portions. The chondritic portion is texturally and 

mineralogically similar to H6 chondrites. The metal-sulfide-rich portion consists 

mainly of kamacite and troilite; chondritic fragments, including silicate grains and 

chondrules, are common. The entire assemblage of the metal-sulfide-rich portion is 

texturally similar to the primitive IIE irons with chondritic inclusions such as 

Netschaevo and Techado, but richer in sulfide component. 

The chondritic, sulfide, and metallic components were analysed by INAA, and 

compared with average compositions of H chondrites and Netschaevo. The chon­

dritic portion has the same composition as that of average H chondrite. The abun­

dances of siderophile and chalcophile elements in the metal-sulfide-rich portion esti­

mated from the compositions of metallic and sulfide components are similar to those 

of average H chondrite and Netschaevo, except for higher chalcophiles and a lower 

Ir content than average H chondrite. The metal-sulfide-rich portion of Y-791093 

crystallized from Fe-Ni-S melt produced by shock melting of H chondrites, and Y-

791093 was formed by mixing of the Fe-Ni-S melt with H6 chondritic material, 

near the surface of an H-group chondrite parent body. We conclude that Y-791093 

is a transitional member between H chondrites and primitive IIE irons with silicate 

inclusions. 

1. Introduction 

Although Y-791093, mass 4.2 g, was previously classified as an H6 chondrite 

(Y ANAi and KOJIMA, 1995), it contains a higher abundance of metal than normal H 
chondrites. Y-791093 consists of metal-sulfide-rich and unmelted H chondritic por­
tions, in roughly equal amounts by volume, and thus is a primitive meteorite transi­
tional between H chondrites and primitive IIE irons with silicate inclusions. 

IIE irons were classified by McCoy ( 1995) into two types, primitive (Netschaevo, 

Techado, Watson) and differentiated (Miles, Weekeroo Station, Kodaikanal, Colomera, 
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Elga}. Among them Netschaevo (OLSEN and JAROSEWICH, 1971; BILD and WASSON, 

1977) and Techado (CASANOVA et al., 1995) are chondrule-bearing meteorites con­
sisting of metal-rich and unmelted chondritic portions. Silicates in the IIE iron group 

have oxygen isotopic compositions similar to those of H chondrites (CLAYTON et al., 
1983; RUBIN et al., 1986), suggesting a genetic relationship. However, further evidence 

is needed to provide a direct connection between the IIE irons and H chondrites. 

Similarly to Y-791093, the Rose City HS breccia contains more abundant metal 

than normal H chondrites (MASON and WnK, 1966), but it is texturally dissimilar to 
Y-791093 which has no breccia structure. It also contains coarse nodules consisting 

mainly of metallic Fe-Ni (RUBIN, 1985). The metal is generally considered to have 

been produced from the chondritic precursor by an impact shock event. Two models 
for the origin of the metal were proposed. One is a partial melting/fractional crystal­

lization model and the other a vaporization/fractional condensation model (WmoM et 
al., 1986; RUBIN, 1995). 

In this paper, we describe the mineralogy, petrography and chemistry of Y-791093, 

and discuss the formation of the metal-sulfide-rich portion and its significance for the 

origin of IIE irons with silicate inclusions. 

2. Analytical Methods 

The chemical compositions of the minerals were obtained with a JEOL 733 elec­

tron-probe micro-analyser (EPMA at the Department of Earth Sciences, Ibaraki 
University), using an accelerating voltage of 15 kV and a probe current of 3-5 nA. 

Compositions were corrected by the BENCE and ALBEE ( 1986) method for silicates, 

oxides, and phosphates, and by the standard ZAF method for metal and sulfides. 

The areal percentages of the metal (including limonite) and sulfide in the metal­
sulfide-rich portion, and the chondritic component, were measured on enlarged pho­

tographs of the two surfaces: the cut surface of the meteorite (Fig. 1 a) and the pol­
ished thin section (Fig. 1 b ). 

Metal, sulfide and silicate components were separated and their major and minor 

element compositions were obtained by instrumental neutron activation analysis 
(INAA). The details of the INAA procedures are described in KONG et al. (1996). 
Two samples of each of the components were prepared by the following procedures. 

A large sample of the meteorite was broken into small pieces by hammer, and chon­

dritic fragments were separated by hand into two fractions; one consists of several 

large pieces (coarse pieces, 25 mg) and the other of many small pieces (fine pieces, 

23.4 mg). Two metal chips, one large (large, 9.2 mg) and one small (small, 3.3 mg), 
were separated by hand, and limonite adhering to the surface was scraped off by a 

stainless-steel dental tool. One large sulfide grain, included in metal, was separated by 
dental tool, and metal adhering to the surface was scraped off. It was broken into fine 

grains and separated by magnet into two fractions, one magnetic, probably including 

fine-grained metal (magnetic, 0.3 mg) and one nonmagnetic (nonmagnetic, 0.8 mg). 
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Fig. la. Photograph of a cut surface of Y-791093. The long dimension of the surface is about 1.5 cm. 
Abbreviations: Met (metal), Sul (sulfide), and Chand (chondritic portions). 

1mm 

Fig. lb. Back-scattered electron (BSE) image of a polished thin section of Y-791093. A chondritic por­
tion is at the lower left. Note that the rims of the kamacite grains are altered to limonite. Tr 
(troilite), Ka (kamacite), and Inc (silicate inclusions). 
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Fig. Jc. BSE image of a barred-olivine chondrule included in a large troilite. Of (olivine), Opx (orthopy­
roxene), Pl (plagioclase), and Tr (troilite). The long dimension is 450 µm. 

d. BSE image of a silicate inclusion in kamacite (Ka). Abbreviations are the same as those in Fig. 
I c. The long dimension is 240 µm. 

e. BSE image of a large silicate inclusion which is texturally and mineralogically similar to that 
of H6 chondrites. Ka (kamacite), Tr (troilite), and Inc (chondritic inclusion). The long dimen­
sion is 240 µm. 

f BSE image of a chondritic portion. Light gray is olivine (Ol). dark gray is orthopyroxene (Opx), 
and black is plagioclase ( Pl). High-Ca clinopyroxene (Cpx) occurs as needle crystals in pla­
gioclase and as rims of orthopyroxene in contact with plagioclase. The long dimension is 390 
µm. 

g. BSE image of pentlandite (Pent) and taenite (Ta) included in a large troilite (Tr). Note that 
small taenite grains are included in troilite and do not occur in contact with kamacite ( Ka). 
The long dimension is 390 µm. 

h. BSE image of alabandite (A/ah) and a Cu-bearing sulfide (probably digenite, Dig) included in 
a large troilite (Tr). The long dimension is 39 µm. 
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3. Sample Description and Modal Composition 

Y-791093 is a heterogeneous mixture of metal-sulfide-rich and chondritic portions 

(Fig. l a). The overall texture of the meteorite suggests that a metal-sulfide melt mixed 
with a monomict chondritic breccia in a reticulate pattern, with some fragments of sil­

icates and chondrules included in the melt (Figs. 1 a, b ). Metal in the metal-sulfide­

rich portion is massive and free from Widmanstatten structure; it contains rounded 
sulfide inclusions (Fig. l a). Chondrules (Fig. le) and silicates (Figs. Id and e) occur 

in both metal and sulfides, and are texturally and mineralogically similar to those in 

the chondritic portion, indicating they are unmelted chondritic fragments. 
The chondritic portion (Fig. l f) is texturally and mineralogically similar to equi­

librated H chondrites. Metal in the chondritic portion is completely replaced by 

limonite during terrestrial weathering. Plagioclase occurs as coarse (up to l 00 µm), 

well-recrystallized grains which are typical of H6 ordinary chondrites. Therefore, the 

chondritic portion was probably H6 chondrite. There is no evidence for impact shock 

in Y-791093. 
The modal abundances of the metal and sulfides in the metal-sulfide-rich portion 

and the chondritic portion, are shown in Table I. The chondritic portion constitutes 
about 43.7 vol% (29 wt%) which is higher than in Netschaevo (15 wt%), but lower 

than in Rose City (about 64 wt%) (Table 1). The sulfide/metal weight ratio of the 

metal-sulfide-rich portion is about 1/5 (Table I). This is very large in comparison to 
that of IIE irons, but is smaller than that in average H chondrite (about 1/3) and Rose 

City. 

Table I. The modal abundances of Y-791093 (upper table), compared witth the modal compositions of 
the Netschaevo 1/E iron and Rose City H-group chondrite, and the chemical compositions of 
average H-group chondrite (lower table). 

Metal 
Sulfide 
Chondritic 
portion 

A cut surf ace of 
a piece ( I 00 mnl) 

45.0 vol% 
5.2 

49.8 

A polished thin 
section (30 mm2

) 

30.0 vol% 
46.5 
23.5 

Metal-sulfide portion 

Metal Sulfide 

Average 
(vol. mean) 

41.54 vol% 
14.73 
43.73 

Chondritic portion 

Y-791093 59 wt% 12 wt% 29 wt% 
Netschaevo 1 85 wt% 15 wt% 

(IIE) (75 vol%) (25 vol%) 
Rose City2 27.4 wt% 8.4 wt% 64.2 wt% 
(H5 breccia) (silicates) 
A verage3 17 .5 wt% 5.5 wt% 77 wt% 
H-group (silicates) 

Data sources: 1
BucHWALD ( 1975): 2MAS0N and WIIK ( 1966): 3HARAMURA et al. ( 1983) 

Weight 
percent 

59wt% 
12 wt% 
29wt% 
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4. Mineralogy 

The chondritic portion consists of olivine, orthopyroxene, high-Ca clinopyroxene, 

plagioclase, chromite, whitlockite, metal (mostly altered to limonite) and sulfide. 

Olivine and orthopyroxene are dominant and compositionally uniform. Silicates in the 
metal-sulfide-rich portion are mineralogically and texturally similar to those in the 

chondritic portion. Representative analyses are given in Table 2. 

Metal in the metal-sulfide-rich portion consists of compositionally uniform 

kamacite; troilite with rare inclusions of pentlandite is the major sulfide mineral (Fig. 
1 g). Small taenite grains occur in the troilite, in close association with the pentlandite 

grains (Fig. l g), but taenite does not occur in kamacite. Alabandite (MnS) is rare; it 

forms small inclusions in troilites and is closely associated with a Cu-sulfide (proba­

bly digenite, Cu9Ss) (Fig. 1 h). Representative compositions of metal and sulfide are 

given in Table 3. 

Table 2. Representative chemical compositions of the minerals in Y-791093 (wt%). 

01 Opx Cpx Pl Chm Wht 
Si02 39.52 55.97 54.28 64.49 0.00 0.00 
Ti02 0.00 0.17 0.47 0.()3 1.33 0.00 
AhOJ 0.00 0.20 0.57 21.39 6.96 0. 00 
Cr203 0.00 0.05 0.65 0.00 57.72 0.00 
FeO 17.08 10.77 2.97 0.26 29. 77 0.92 
MnO 0.37 0.40 0.19 0.00 1.04 0.08 
MgO 43.09 30.75 16.45 0.00 2.67 3.66 
CaO 0.00 0. 59 23. 10 2.68 0.0 1  44. 41 
Na20 0.00 0.02 0.50 9. 47 0.00 3.01 
K20 0.02 0.00 0.00 1.10 0.00 0.05 
P20s 44.87 
Total 100.08 98.92 99. 17 99.43 99.51 97. 00 

Abbreviations: 01 (olivine), Opx (orthopyroxene), Cpx (high-Ca clinopyroxene), Pl (plagioclase), Chm 
(chromite), and Wht (whitlockite). Detection limits for the elements are 0.05-0. l wt%. 

Table 3. Representative chemical compositions of metal and sulfides in Y-791093 (wt%). 

Ka Ta Tr Pent Alab Dige 
Fe 92.75 41.11 62.49 46.90 2.34 2.19 
Co 0.60 0.13 0.11 0.15 0.()3 0.06 
Ni 6.23 57.85 0.07 18.43 0.03 0.00 
Cu 0.04 0.36 0.17 0.09 0.31 70.16 
Cr 0.01 0.05 
Mn 59.78 1.14 * 

p 0.00 0.00 0.00 0.00 0.00 0.07 
s 0.00 0.00 36.23 33.75 37.23 23.89 
Total 99.62 99. 45 99. 07 99. 32 99. 73 97.56 

Abbreviations: Ka (kamacite), Ta (taenite), Tr (troilite), Pent (pentlandite), Alab (alabandite, MnS), and 
Dige (digenite, Cu9Ss). Detection limits of the elements are 0.05-0. 1 wt%. 
*: The Mn content of digenite may be due to contamination by surrounding alabandite. 
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4.1. Olivine and Pyroxene 

Olivine (Foim-sJ) is the major silicate mineral in the chondritic portion and slicate 

inclusions in the metal-sulfide-rich portion of the meteorite; it is compositionally sim­

ilar to olivine in H6 chondrites (Fig. 2). MnO and FeO contents also coincide with 

those of H6 olivines (Fig. 3 ). 

Low-Ca pyroxene is orthopyroxene, free of exsolution lamellae; its composi­

tion(Enso-84 Wo1-2) is in the range of H6 orthopyroxenes. High-Ca pyroxene, E�s-soW043_ 

47, is also in the H6 range (Fig. 4 ). MnO and FeO contents of most pyroxenes are 

similar to those in H6 chondrites (Fig. 3). 

4.2. Plagioclase, Chromite, and Phosphate 

Plagioclase (An11-140r4_s) is in the range of H6 plagioclase (Fig. 5). Chromite is 

compositionally similar to those in H6 chondrite (Figs. 3, 6). Whitlockite occurs in 

the chondritic portion, but chlorapatite was not observed. 

4.3. Metal and Sulfide 

The Ni content of kamacite is about 7 wt%, which coincides with the lower limit 

of H6 kamacites, and the Co content is slightly higher than that in H6 kamacites (Fig. 
7). The Ni content of taenite is 56-58 wt% (Fig. 7). No unaltered metal occurs in the 

chondritic portion, but limonite that was probably formed by replacement of kamacite 

during terrestrial weathering (IKEDA and KOJIMA, 1991) is common. 

Troilite is the major sulfide in both chondritic and metal-sulfide-rich portions of 

Y-791093; pentlandite is minor. Sulfide compositions are shown in Fig. 8, together 

0.81 
0.79 0.76 

0.84 

H6 L6 

50 
' 

40 

30 � 

20 � 

10 

0 

0 00 \0 -.:j- N 0 00 \0 -.:j- N 0 00 
0: 0\ 0: 0\ 0\ 00 00 00 00 00 r--- r---- 0 0 0 0 0 0 0 0 0 0 0 0 

Mg/(Mg+Fe) 

Fif?. 2. Frequency diagram (d' Mil(Mf? +Fe) atomic ratios of olivines in Y-79/093. The bars with H6 
and l6 are the compositional ranges of olivine.\' in H6 and l6 chondrites, respectively. Note that 
most of the Y-791093 olivines are within the H6 range. 
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Fig. 3. MnO contents (wt%) of high-Ca clinopyroxene (Cpx), orthopyroxene (Opx), olivine (01), and 
chromite (Chm) plotted against their FeO contents (wt%). The compositional ranges of each of 
the minerals in H6 chondrites are shown by dash-line ellipsoids. The straight line is the MnO/FeO 
weight ratio of average H chondrite (HARAMVRA et al., 1983). 

Ca 
pyroxene 

\ ,  

Mg 

Fig. 4. Ca-Mg-Fe atomic ratios of high-Ca clinopyroxene and orthopyroxene in Y-791093. The compo­
sitional ranges of H6 pyroxenes are shown by ellipses. 
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Ca 

plagioclase 

Na K 
Fig. 5. Ca-Na-K atomic ratios of plagioclase in Y-791093. The 791093 plagioclases are plot­

ted in the compositional range of H6 plagioclases ( H6, circle). 

Cr 
chromite 

\ / , .. '. I 

AI 2Ti 
Fig. 6. Cr-Al-2Ti atomic ratios of chromite in Y-79/093. The Y-791093 chromites are plot­

ted in the compositional range of H6 chromites (H6, circle). The end components, 
Cr, Al, and 2Ti, signify the chromite, Al-spinet, and ulvospinel molecules, respec­
tively. 
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Fig. 7. Co contents (wt%) (f kamacite (Ka), taenite (Ta), pentlandite (Pent), and troilite (Tr) in Y-
791093. The compositional range (�{ H6 kamacites is shown by a dash-line ellipsoid. Note that 
the Y-791093 kamacites are sliihtly enriched in Co in comparison to the H6 kamacites. 

Fe 

Metal 
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s 

Ni 

Fig. 8. S-Fe-Ni atomic ratios of kamacite ( Ka), taenite (Ta), troilite (Tr), and pentlandite ( Pent). 

with those of the metal. Pentlandite and taenite in the metal-sulfide-rich portion do 
not occur in direct contact with kamacite (Fig. I g). This suggests that pentlandite and 
taenite may have exsolved from Fe-Ni monosulfide solid solution (later inverted to 
troilite; CRAIG et al., 1968) under subsolidus conditions. Alabandite in Y-791093 is 

depleted in FeS (Table 3); the FeS content is lower than that in E chondrites, indi-
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eating that alabandite in Y-791093 formed at temperatures lower than 400°C (SKINNER 

and LUCE, 1971 ). An exsolution origin for alabandite and Cu sulfide (probably digen­

ite) (Fig. lh) is also probable. 

5. Chemical Composition 

5. 1. The chondritic portion 

Two samples of the chondritic portion analysed by INAA have similar composi­
tions (Table 4, Fig. 9). The abundances of lithophile elements are similar to those in 

the average H chondrite (WASSON and KALLEMEYN, 1988) and the Netschaevo chon­

dritic portion (BILD and WASSON, 1977), except for Yb, Lu, and Br. Since Y b  and Lu 
measurements have large analytical errors, their high contents may not be certain. The 

high content of the volatile element Br, compared to that in H chondrites, is consis­
tent with high content of the volatile chalcophile elements such as As, Sb, Se, and Zn 

(Fig. 9). The siderophile elements are also very similar to those of the average H 

chondrite (Mo is the only exception). The chondritic portion in Netschaevo has a high­

er content of siderophile elements than that of the Y-791093 chondritic portion and 
average H chondrite, suggesting a higher abundance of metal in the chondritic por­

tion of Netschaevo. 

5.2. Metal and sulfide in the metal-sulfide-rich portion 

The INAA results of the metal and sulfide components in the metal-sulfide-rich 

portion are given in Table 5. Two analysed samples of the metal are compositionally 
similar, except for Mn (Table 5). The Ni-normalized Os and Ir contents of the metal 

are lower than in CI and H chondrites, but the other siderophiles are roughly chon­

dritic (Fig. I 0). Metal is depleted in chalcophile elements (As is the only exception) 

(Fig. 10). The Iithophile elements V and Cr may be assigned to the silicate inclusions, 

but Mn is not depleted in spite of the large depletion of the other lithophile elements. 

Mn content in the large and small metal samples are 77 ppm and 36 ppm, respec­
tively (Table 5), and there is a large difference between the two. 

The two fractions of the sulfide component, magnetic and non-magnetic, are com­

positionally different� the contents of Co, Ni, and As of the magnetic fraction are Iarg-

Table 4. 

Coarse 
Fine 

Coarse 
Fine 
Average 

!NAA results for chondritic portions ( coarse pieces, 25 mg; fine pieces, 23.4 mg) of Y-791093 
( contents in ppm, unless otherwise indicated). 

Al(%) Sc Ca(%) La Sm Yb 
0. 9 1  7. 1 6  I .O J  0.39 0.2 1 5  0.34 
0.85 6.30 0.868 0.24 0. 1 50 0. 37 
0.88 6.73 0.984 0.32 0. 1 83 0.36 

Se Zn Na Br Fe(%) Co 
9. 84 45.9 5450 1 .82 24.8  786 
1 0.8  56. 4 5380 1 .9 1  27.9 979 --
1 0.3 5 1 . 2  541 5 l .87 26.4 883 

-- ----------------

Lu(ppb) 
40 
47 
44 

Ni(%) 
1 . 36 
1 .65 
1 .5 1  

Mo V Cr Mg(%) Mn 
2. 1 9  54.7 2760 1 2.2 2200 
3.26 54. 8 31 80 1 0.9  1 990 
2.73 54. 8 2970 1 1 .6  2095 - -- ---------�-----

Sb(ppb) As Au(ppb) lr(ppb) Os(ppb) 
86 2.86 1 93 51 9 589 

1 1 4 4.05 286 547 496 ---·----- -�---------------- -
J OO 3.46 240 533 543 
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Fig. 9. CJ- and Mg-normalized compositions of the Y- 791093 chondritic portion compared with the 
Netschaevo chondritic portion (BILD and WASSON, 1977) and the average H-group chondrite 
( WASSON and KALLEMEYN, 1988). 

Table 5. INAA results for metal (large, 9.2 mg; small, 3.3 mg) and sulfide (magnetic, 0.3 mg; non-
magnetic, 0.8 mg) components in the metal-sulfide-predominant portions of Y- 791093 ( contens in 
ppm, unless otherwise indicated). S is determined by difference. 

Fe(%) Co Ni(%) Cr V w Mo Re Os I r  
Large metal 92.0 4950 6.97 239 3. 6 0.946 5 .09 0. 1 40 0.7 19  0.61 5 
Small metal 92.0 4840 6.59 0.904 4.28 0. 1 26 0.8 1 9  0.577 
Average (wt. mean) 92. 0  492 1  6.87 (239) (3. 6) 0.935 4.88 0. 1 36 0.745 0.605 
Mag. sulfide 66.2 482 0.498 64 2.04 
Non-mag. sulfide 61 .4  98. 1 0. 1 24 69 5 .4  1 2. l  
Average (wt. mean) 62. 7  203 0.226 68 (5 .4) (1 2 . 1 )  (2.04) 

Ru Pt Pd Au Cu Mn As Sd Ga Se S(%) 
Large metal (4.09) 3.02 2.97 1 .05 1 34 77 1 3. 1  0.362 1 1 . 8  
Small metal 2.94 2.97 1.03 1 05 36 1 3.0  0.382 1 1 .8 
Average (wt. mean) (4.09) 3.00 2.97 1 .04 1 26 66 1 3. 1  0.367 1 1.8 
Mag. sulfide 0.142 1 840 260 0.932 0.676 2 1 9  33. 0 
Non-mag. sulfide 0.067 3470 16 0. 1 63 0.297 1 78 38. 1 
Average (wt. mean) 0.087 3025 83 0.373 0.400 189 36.7 

er by factors of 4-6 than those of the non-magnetic fraction (Table 5). These high 

contents are probably due to small metallic inclusions in the magnetic fraction. The 
Mn content in the magnetic fraction is very high, by a factor of 16.3, compared with 
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the non-magnetic fraction, and may be due to rare alabandite inclusions (Fig. l h). A 

weighted mean was calculated to obtain the sulfide component (Table 5), and is shown 

in Fig. 10. 
The composition of the metal-sulfide-rich portion was calculated by using a 5: I 

weight ratio of the metal and sulfide components (Table I ), and is shown in Fig. 11. 

The overall siderophile and chalcophile composition of the metal-sulfide-rich portion 

is very similar to that of average H chondrite and Netschaevo metallic portion, except 

for low Ir and slightly high As, Cu, and Sb contents. Although the metal-sulfide-rich 

portion in Y-791093 has minor contents of V and Cr (Fig. 11 ), the Mn content is very 
high in comparison to the lithophiles and reflects the occurrence of alabandite in both 
the sulfide and metal components. 
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Fig. JO. CI- and Ni-normalized compositions of the metallic and sulfide components of the 
metal-sulfide-rich portion (f Y-791093. 

6. Discussion 
6. 1. The chondritic portion 

The chondritic portion of Y-791093 is texturally, mineralogically and composi­
tionally very similar to H6 chondrites and probably represents an unmelted H6 chon-
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drite, although Br, Mo, and volatile chalcophile elements (As, Sb, Se, and Zn) are 

slightly higher (Fig. 9). Two-pyroxene geothermometry (LINDSLEY and ANDERSEN, 
1 983) gives equilibrium temperatures of 850- 1 020

°
C for the orthopyroxene and high­

Ca clinopyroxene pairs in Y-79 1 093, supporting the conclusion that the chondritic por­

tion was originally an H6 chondrite . 
There is, however, no taenite in the chondritic portion, which is common in H 

chondrites. Although limonite is present, it was probably all originally kamacite. If 

taenite was present, it would have remained unaltered because taenite in the metal­
sulfide-rich portion is not altered to limonite. This is consistent with the conclusion 

of IKEDA and KOJ IMA ( 1 99 1 )  that taenite is more resistant to terrestrial weathering than 
kamacite under Antarctic conditions. As discussed in the following sections, the sub­
solidus assemblage in the metal-sulfide-rich portion may have originally been kamacite 

and Fe-Ni monosulfide when it formed at high temperature. The mineral assemblage 

of the H6 chondrite may have changed from kamacite-taenite-troilite to kamacite­
monosulfide at a high temperature range when it was mixed with Fe-Ni-S melt. At 

that time, some fraction of the Mo and volatile chalcophiles may have moved into the 

chondritic portion from the surrounding Fe-Ni-S melt, resulting in the high contents 

of these elements (Fig. 9). 
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6.2. The metal-sulfide-rich portion 

The metal-sulfide-rich portion makes up about 70 wt% of Y-791093. This is inter­

mediate between that of the Netschaevo IIE iron and the Rose City chondritic brec­

cia. The metal-sulfide-rich portion of all of these meteorites may be the result of vari­
able amounts of Fe-Ni-S melt mixing with H chondrites. 

Kamacite is predominant in the metal-sulfide-rich portion of Y-791093, and taen­

ite occurs rarely in the sulfide, in close association with pentlandite. The kamacite is 
massive and free from Widmanstatten structure, suggesting that it cooled rapidly, pre­

venting its formation. 

Troilite is the main sulfide, and the minor phases pentlandite, alabandite, a Cu­
sulfide, and probably taenite, may have precipitated from the main sulfide phase which 
was Fe-Ni monosulfide in the high temperature range. 

The overaJ I  siderophile and chalcophile composition of the metal-sulfide-rich por­

tion is roughly similar to that of average H chondrite (Fig. I I). However, the Ir con­

tent is very low. The Ir/Ni ratio is smaller by a factor of 3 than that of average H 

chondrite (Fig. I I ) , indicating that the Fe-Ni-S melt was originally depleted in Ir. The 

volatile chalcophiles (As, Cu, and Sb) are slightly enriched ( 1.5-2.5 times) in com­

parison to average H chondrite (Fig. I I), but Se and S have similar contents. This 

suggests that although the Fe-Ni-S melt was originally enriched in volatile chal­

cophiles, including Se and S, some fraction of the Se and S was lost prior to the final 

consolidation. 
The Cu/S weight ratio of average H chondrite is 41 X 1 o- 4 (WASSON and 

KALLEMEYN, 1988) and that of the metal-sulfide-rich portion of Y-791093 is about 

100 X IO 4 ( calculated from the metal and sulfide components with the weight ratio 

of 5:  I). This suggests that the S content of the metal-sulfide-rich portion was deplet­

ed by a factor of 2.5 in comparison to average H chondrite. The original Fe-Ni-S melt 

may have included more sulfur, and the weight ratio of the metal and sulfide may 

have been 2: I prior to sulfur loss, assuming that Cu was not lost from the melt. The 

weight ratio of metal and sulfide in average H chondrite is 3: I (HARAMURA et al., 

1983), indicating that a weight ratio of 2 :  1 for the Y-791093 Fe-Ni-S melt had already 

lost a small fraction of the metallic component. 

As discussed above, the Ir/Ni ratio of the Y-791093 metal is low, and this sug­

gests that the original Fe-Ni-S melt had crystallized and lost Ir-rich metal . The slight­
ly-high Co/Ni ratio (Fig. I 0) could be in conflict with the fractional crystallization of 

metal (RUBIN, 1995), but it is small and can be neglected. Therefore, assuming that 
all of the metal and sulfide in H chondrites was melted by impact shocks, we con­

clude that the original Fe-Ni-S melt lost a small fraction of Ir-rich metal by fraction­

al crystallization; the residual Fe-Ni-S melt, with a metal/sulfide ratio of 2 :  1, was 
mixed with an H6 chondrite. After mixing, some fraction of the volatile chalcophiles 
in the Fe-Ni-S melt may have been lost to the chondritic portion, and a large amount 
of Se and S was lost from the Y-791093 system by vaporization. 

6.3. High Mn content of the metal-sulfide-rich portion 

The Mn/Ni ratio of the metal-sulfide-rich portion is exceptionally high (Figs. I 0, 
11 ) ,  although the Mn contents of the silicates and oxides in both the chondritic and 
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metal-sulfide-rich portions of Y-791093 are similar to those in normal H chondrites. 

The high Mn/Ni ratio, which is probably due to inclusions of alabandite mainly in the 

troilite, is very difficult to explain. During thermal metamorphism of ordinary chon­

drites, Mn behaves as a lithophile element: it is mainly concentrated in silicates and 

oxides; as a result, the Mn contents of troilite and metal are very low. If the original 

Fe-Ni-S melt formed from metal and sulfides in H chondrites, it should not have been 

enriched in Mn. Nevertheless, some amount of Mn must have moved from the sili­
cates and oxides to the Fe-Ni-S melt during the shock-induced melting. It is likely 

that H chondrites were wholly melted by an impact event and Mn was redistributed 

between silicate melt and metal-sulfide melt, resulting in the high Mn content of the 
Fe-Ni-S melt. 

As already discussed, sulfur may have escaped from the sulfur-enriched Fe-Ni-S 

melt during late-stage crystallization. This may have resulted in an increase in metal­

lic Fe, and a decrease in FeS, of the residual Fe-Ni-S melt. This, in tum, may have 
resulted in an increase in the concentration of MnS in the sulfide component of the 

residual Fe-Ni-S melt. The final stage of crystallization may have produced MnS-rich 

monosulfide which precipitated alabandite at subsolidus temperatures. 

6.4. Origin of the metal-sulfide-rich portion 

Metal nodules and metal veins occur in some shocked but unmelted ordinary 
chondrites, such as Rose City (WIDOM et al., 1986; RUBIN, 1995). These metal nod­

ules and veins are typically depleted in Ir and S, although W contents are not deplet­
ed in comparison to the common siderophiles such as Fe, Co, and Ni. WIDOM et al. 

( 1986) attempted to explain these facts by proposing a vaporization/fractional con­

densation model. 

Metal in Y-79 1 093 is depleted in Ir, and W is at the same level as the common 
siderophiles (Fig. 10). However, the volatile chalcophiles (As, Cu, Sb, Se, and S) of 

the metal-sulfide-rich portion is slightly enriched in comparison to average H chon­

drite. This is not consistent with the vaporization/fractional condensation model. 

Instead, the chemical composition of the metal-sulfide-rich portion in Y-791093 can 

be explained by a melting/fractional crystallization model, with minor vaporization 
during crystallization. 

This model is schematically illustrated in Fig. 12. ( l) H chondrites experienced 

impact melting near the surface of their parent body. The original Fe-Ni-S melt and 

silicate melt formed by melting of H chondrite material. The weight ratio of the metal 

and sulfide components in the Fe-Ni-S melt was about 3: 1. (2) The original Fe-Ni-S 

melt was probably enriched in Mn by its redistribution between the two melts, and 
the Mn-rich Fe-Ni-S melt separated from the silicate melt. (3) The original Fe-Ni-S 

melt crystallized Ir-rich metal that resulted in its depletion in Ir and enrichment in S. 
The Ir-poor and Mn-rich Fe-Ni-S melt had the weight ratio of the metal and sulfide 

components of about 2: 1. (4) The Ir-poor and Mn-rich Fe-Ni-S melt was mixed in a 

reticulate pattern with a monomict H6 chondrite without melting it. Some silicates and 
chondrules were trapped by the Fe-Ni-S melt. (5) The Fe-Ni-S melt cooled rapidly, 
crystallizing kamacite in the early and middle stages of crystallization and both 
kamacite and Fe-Ni monosulfide in the late stages. (6) Some fraction of Se and S may 
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Fig. 12. A schematic figure showing our scenario for the origin of Y-791093. Some H-group chondrite 
experienced a melting event, probably caused by impact shock on the H-group chondrite par­
ent body, and primitive Fe-Ni- S  melt was produced. This melt left behind fractionated metal 
which was enriched in Ir, and the Ir-poor Fe-Ni-S melt intruded into H6 chondrite, forming 
the Y-791093 meteorite. 

have escaped from the Fe-Ni-S melt during late-stage crystallization of the melt, result­

ing in a weight ratio of metal and sulfide of 5: 1 .  (7) At the same time, the opaque 

mineral assemblage of the chondritic portion of Y-791093 changed from kamacite­

taenite-troilite to kamacite-monosulfide. The high contents of Br, Mo, and volatile 

chalcophiles in the chondritic portion (Fig. 9) may have been caused by its impreg­

nation into the chondritic portion from the Fe-Ni-S melt. (8) The Fe-Ni-S melt solid­

ified at a temperature of about I 000
°
C, around the eutectic point of the Fe-S binary 

system. (9) At subsolidus temperatures, the metal-sulfide-rich portion consisted main­

ly of kamacite and monosulfide, and cooled rapidly, resulting in massive kamacite, 

preventing the formation of Widmanstatten structure. ( 1 0) The original Fe-Ni mono­
sulfide exsolved pentlandite, taenite, alabandite, and a Cu-sulfide (probably digenite), 

and transformed to troilite in the low temperature range. 

6.5. Genetic relationship to IIE irons 
The close similarity in oxygen isotopic compositions of silicates in IIE irons and 

H chondrites suggests a genetic relationship (CLAYTON and MAYEDA, 1983; RUBIN et 
al. , 1986). However, the origin of IIE irons is controversial, and differing models have 
been proposed. These include: ( 1 )  a silicate melt was trapped in a solidifying iron 
mass (WASSERBURG et al. , 1 968), (2) metal was mixed with silicates during a shock 

event (PRINZ et al. , 1983), (3) IIE irons formed as pools of impact-produced melt near 

the base of a thick megaregolith (WASSON and WANG, 1 986), ( 4) IIE irons were pro­
duced through early mixing and differentiation in a core-mantle environment (McCOY, 

1 995), (5) IIE iron, free of Widmanstatten structure (Miles), formed as a mixture of 
Fe-Ni-S melt with silicate melts produced by low degrees of partial melting of H chon­
drites, caused by impact shocks near the surface of an H chondrite parent body (IKEDA 
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and PRINZ, 1996). 
Metal in most I IE irons with silicate inclusions shows Widmanstatten pattern; its 

cooling rates are estimated to be about 1000
°
C/Ma at temperatues around 500

°
C 

(OLSEN et al., 1994). In addition, OLSEN et al. (1994) showed that the younger group 

of IIE irons (Watson, Kodaikanal, and Netschaevo, with ages of 3.7 Ga) has experi­
enced repeated shock events on the IIE parent body or bodies. These authors con­

cluded that this group of IIE irons formed by near-surface processes. IKEDA and PRINZ 

( 1996) studied the Miles IIE iron and also concluded that Miles was produced at a 

shallow level on the H chondrite parent body. 

The metal-sulfide-rich portion of Y-79 I 093 has silicate and chondrule inclusions 

which are texturally and mineralogically similar to those in the primitive IIE irons 

(Netschaevo, Techado, and Watson), except for its sulfide enrichment and lack of 

Widmanstatten structure. Therefore, Y-791093 may have an intimate genetic relation­

ship with the IIE irons. The data from this study supports the idea that IIE irons were 

produced near the surface of an H chondrite parent body by impact shock events. The 

sulfide enrichment in Y-791093 may mean that sulfur loss was smaller than that of 

the IIE irons because of rapid cooling. The lack of Widmanstatten structure suggests 
that Y-791093 and Miles were produced at shallow levels. 

7. Conclusions 

( l ) Y-791093 consists of volumetrically equal amounts of metal-sulfide-rich and 

unmelted H6 chondritic portions. 

(2) We suggest that the metal-sulfide-rich portion formed as a result of impact 
melting of the metal and sulfide in H chondrite material. The original Fe-Ni-S melt 

produced during this process had a chondritic composition, except for its high Mn 

content; it crystallized Ir-rich metal that was lost prior to the mixing of the Fe-Ni-S 

melt with H6 chondritic material. 

(3) We infer that the mixing of the metal-sulfide melt and unmelted H6 chondrite 
took place near the surface of an H chondrite parent body. Some fraction of the S and 
Se in the melt was lost from the system due to vaporization during crystallization. 

( 4) The metal-sulfide-rich portion of Y-791093 is texturally, mineralogically, and 

compositionally similar to the primitive IIE irons with chondritic inclusions such as 

Netschaevo and Techado, suggesting that primitive I IE irons were produced in a man­

ner similar to that of Y-79 I 093. 
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