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Abstract: The mineral distribution maps of polished thin sections (PTSs) of
acapulcoites (Acapulco, Allan Hills (ALH) 77081, ALH78230, Elephant Moraine (EET)
84302 and Yamato (Y)-8307) and lodranites (Gibson, MacAlpine Hills (MAC) 88177,
Y-74357, Y-75274, Y-791491 and Y-8002), winonaites (Tierra Blanca, Y-74025, Y-75305
and Y-8005), silicate inclusions in [AB iron meteorites (Y-791058 and Caddo County),
and an H7 chondrite (Y-75008) were made from elemental distribution maps of the
electron probe microanalyzer to obtain quantitative modal abundances of minerals,
and to study variations in the distributions of minerals. The trends of variations of
chemical compositions of minerals were also studied. Other related meteorites,
ALH81187 and ALH81261 (acapulcoites) were also studied for comparison.

Textures of these meteorites are various from fine-grained recrystallized chon-
drite-like materials including minerals known in chondrites, to coarse-grained materi-
als with opaque mineral grains which have complex shapes, often with large aggre-
gates of Fe-Nimetal. The variety of modal abundances and textures of primitive achon-
drites suggests that heterogeneity produced by local segregation of partially melted
materials on their parent bodies can explain the origin of variation of primitive achon-
drites. Systematic variations in the relative abundances of olivine, augite+plagioclase,
and orthopyroxene shows that the plagioclase-augite-rich region of Caddo County B3A
(augite+plagioclase=96.8%) can be taken as an endmember of the variations observed
inother primitive achondrites. The orthopyroxene-chromite-rich region of EET84302,19
(orthopyroxene=95.1%) and Y-74357 (olivine=83.2%) are other types of segregated
materials.

The mechanism proposed in this paper reveals the early differentiation processes
of planetesimals from primitive source materials.

1. Introduction

Winonaites and IAB iron meteorites (WI) and acapulcoites and lodranites (AL) are
both sub-groups of primitive achondrites, although their oxygen isotope compositions
indicate that they are from different parent bodies (e.g., CLaYTON and MAYEDA, 1996).
Recently, comprehensive studies have been conducted of these meteorite groups and
more detailed imformation and models for their formation have been published; e.g.,
Kimura et al. (1992), NAGAHARA (1992), TAKEDA et al. (1994), BENEDIX et al. (1996),
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MITTELFEHLDT et al. (1996), and McCoy et al. (1997a,b).

The distinction of winonaites and IAB irons, and that of acapulcoite and lodranites
are somewhat different among the previous investigators (e.g., PriNz et al., 1980; Kimura
et al., 1992; McCoy et al., 1993). Here we tentatively call Metal-rich members of WI
(Caddo County and Y-791058) as IAB irons, and other members of WI (Winona, Tierra
Blanca, Y-74025, Y-75305 and Y-8005) as winonaite. We tentatively call the members
which are coarser-grained than Acapulco (Gibson, EET84302, Y-74357, Y-75274, Y-
791491, Y-8002, and MAC88177) as lodranite, and other members of AL (Acapulco,
ALH77081,4, ALH78230,51-2, ALH81187,16, ALH81261,14, Y-8307) as acapulcoite
according to the definition of McCoy et al. (1993).

Some areas rich in plagioclase and augite within the PTSs were found in EET84302
and Caddo County (TAKEDA et al., 1994) and much larger, more enriched areas in cm
scale were found in the Caddo County IAB iron meteorites (TAKEDA et al. 1997). McCoy
et al. (1997b) also detected similar area in LEW86220. However, their interpretations
are not totally in agreements as we discuss later.

The mineral distribution maps of polished thin sections (PTSs) of five winonaites,
two silicate inclusions in IAB iron meteorites, and winonaite-related sub-groups of primi-
tive achondrites, four acapulcoites, six lodranites and an H7 chondrite (Y-75008) were
made from elemental distribution maps of the electron probe microanalyzer to obtain
quantitative modal abundances of minerals, and to study variations in the distributions
of minerals. The trends of variations of chemical compositions of minerals were also
studied from these data, in order to look for a common formation process from primitive
source materials.

2. Samples and Techniques

The polished thin sections (PTSs) of five winonaites, Tierra Blanca, Winona, Y-
74025,52-4, Y-75305,52-2, and Y-8005,51-3, and three PTSs of Caddo County IAB iron
meteorite, Caddo County,B1A,B2A,B3A and two PTSs of Y-791058 (WI group), Y-
791058,51-2 and 91-2 and twelve meteorites in the AL group, Acapulco, ALH77081,4,
ALH78230,51-2, ALH81187,16, ALH81261,14, EET84302,28, Y-74357,62-1, Y-
75274,81-2,Y-791491,61-2, Y-8002,51-2, Y-8307,51-2 and MAC88177,17 were stud-
ied. The Y-75008 H7 chondrite was also studied as a hypothetical standard source mate-
rial for primitive achondrites for comparison. These samples were supplied from Na-
tional Institute of Polar Research, Meteorite Working Group of the U.S. and Planetary
Materials Database Collections of the University of Tokyo. The PTSs of Caddo County
were made by the courtesy of Dr. Don BoGARD as part of cooperative research with one
of the authors (H. TAKEDA).

These PTSs were investigated by EPMA JEOL JXA-733 at Ocean Research Insti-
tute and Geological Institute and JEOL JXA-8900L at Geological Institute, University
of Tokyo. Two dimensional CMA techniques of EPMA for nine elements (Si, Mg, Ca,
Fe, Al, Cr, P, S, Ni) have been applied to twenty-one PTSs and mineral distribution maps
of eighteen primitive achondrites and a chondrite Y-75008 were made from CMA data
processed by using the public domain program NIH Image version 1.57. Distribution
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maps of eleven minerals (olivine, orthopyroxene, augite, plagioclase, Fe-Ni metal, troi-
lite, chromite, Ca-phosphate, schreibersite, and daubreelite, and weathering products
(Fe-hydroxides)), of each PTSs were made and combined (YuGami, 1996). Modal abun-
dances of minerals of these samples were obtained by counting number of pixels for
each minerals in the mineral distribution maps. The errors of modal abundances of
minerals were estimated by repeating the same operation to determine which pixel should
belong to which mineral and counting the difference of the modes. The error depends on
the grain sizes. The errors of finer-grained PTSs tend to be larger. The estimated errors
range about 0.7% (Caddo County) to 9% (Y-8005).

3. Results

3.1. Descriptions of thin sections
Y-8005

The silicate minerals of Y-8005 (Fig. 1a) are very fine-grained (0.02-0.2 mm). The
modal abundance of minerals of Y-8005 obtained from the mineral distribution map (Fig.
2a) are shown in Table 1. Orthopyroxene (Opx) and olivine (Ol) are reverse-zoned,
showing an increase in Mg/Fe towards the rims. The average fe# (= Fe/(Fe+Mg) atomic
ratio) of cores of Ol grains is 2.1 and that of Opx (Eng,¢Fs,,Wo, ) is 1.9. The Ca content
of plagioclase (Plag) of Y-8005 (An,,,) is lower than other winonaites (Table 2d) (KiMURA
et al., 1992). PTS Y-8005,51-3 is characterized by presence of a very large kamacite
grain (5.7 mm?, 8 vol% of the PTS, Ni 6.36 wt%) (Yucami et al., 1996a) including
schreibersite (Ni 41.4 wt%) and taenite grains (Fig. 2a). Y-8005 rarely includes me-
dium-sized opaque grains. The large opaque grains in Y-75305 and Y-8005 are mainly
Fe-Ni metal and most troilite grains exist as smaller grains among silicate minerals. Cr
in troilite is 0.37 wt% and it is similar to the values of other winonaites. The large metal
grains (except for the extremely large one) have complicated shapes that resemble the
opaque grains in EET84302 (Fig. 1b).
Y-8307

This meteorite has been described as a primitive achondrite (YANAI and Koiima,
1995), but it has not been determined to which sub-group it belongs. It is similar to
typical acapulcoites such as ALH77081 and ALH78230 in texture (Fig. 1c), and is slightly
coarser grained (about 0.3 mm in diameter) than them. The largest Ol grain is about 0.8
mm across. Some fault-like lines can be seen in the PTS (Yucawmi et al., 1996b). Its
pyroxene grains do not have dusty cores like those of Acapulco (Fig. 1d) and EET84302.
The modal abundances of minerals of Y-8307 obtained from the mineral distribution
map (Fig. 2b) in this study are shown in Table 1. Opx grains with small amounts of
dusty inclusions in Y-8307 show CaO zoning similar to Opx grains with dusty cores in
Acapulco and EET84302. The augite (Aug) is distributes heterogeneously and is con-
centrated in some zones, whereas the distribution of Plag (An,s,) is homogeneous. No
Fe/Mg zoning of pyroxene or Ol was detected. The average fe# of Ol is 10.7 and that of
Opx (Engg ,Fsy W0, ) is 10.1.
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Fig. 1. Photomicrographs of primitive achondrites. Transmitted light.
a.Y-8005 (winonaite), width=2.5 mm.
b.EET84302,28 (a meteorite with lodranite-like grain size and
acapulcoite-like modal mineral abundances), width=8 mm.
¢.Y-8307 (acapulcoite), width=2.5 mm.
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Fig. 1. Photomicrographs of primitive achondrites. Transmitted light.
d. Acapulco (acapulcoite), width=2.5 mm.

e. Y-791058,91-2 (silicate-rich portion of a IAB iron), width=2.5 mm.

f- ALH78230 (acapulcoite), width=2.5 mm.
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(h)

Fig. 1. Photomicrographs of primitive achondrites. Transmitted light.
8. Caddo County,B1A (IAB iron), width=8 mm.
h. Caddo County,B2A (IAB iron), width=8 mm.
i. Caddo County,B3A (IAB iron), width=8 mm.



Table 1. Modal abundances of minerals obtained from mineral distribution maps (vol%).

Olivine Opx” Aug’  Plagioclace_Ca-Phosphate  Chromite Troilite FeNi-metal” Schreibersite  Daubreelite

Acapulco (A) 25.2 41.1 25 14.8 1.21 0.82 87 5.7 0.01 0.00
ALH77081 (A) 279 38.7 7.3 14.2 0.42 094 39 6.6 0.00 0.00
ALH78230 (A) 284 377 5.3 13.6 0.52 08 69 6.7 0.00 0.00
Y8307 (A) 259 324 6.7 13.5 0.90 019 S5 15.0 0.00 0.00
EET84302,28 (A/L) 17.7 38.6 0.5 15.2 0.04 000 02 272 0.62 0.00
Gibson (L) 273 41.9 6.3 33 0.00 009 03 20.8 0.07 0.00
MACS88177 (L) 487 44.1 1.9 0.0 0.03 0.00 4.1 1.1 0.00 0.00
Y74357 (L) 71.9 9.7 4.7 0.0 0.09 006 03 13.1 0.27 0.00
Y75274 (L) 20.3 50.5 04 23 0.00 000 0.0 253 1.23 0.00
Y791491 (L) 574 320 0.2 0.2 0.16 055 54 4.1 0.06 0.00
Y8002 (L) 31.7 43.7 1.7 10.0 0.01 004 03 12.2 0.25 0.00
Tierra Blanca (W) 27.6 327 0.2 10.2 0.09 002 338 255 0.03 0.00
Y74025 (W) 16.0 414 6.1 14.9 0.00 0.00 14.0 7.0 0.15 0.51
Y75305 (W) 5.8 36.5 0.4 8.6 0.01 012 92 39.0 0.02 0.29
Y8005 (W) 11.8 284 6.2 13.5 0.00 004 72 31.7 0.81 0.28
Y79105891-2(1) 24.8 40.9 2.1 17.6 0.28 001 4.1 10.2 0.09 0.00
Caddo Co. BIA (I) 26.0 399 5.3 204 0.21 003 43 37 0.09 0.00
Caddo Co. B2A(I) 9.7 11.9 18.8 343 0.85 0.01 8.1 16.0 0.34 0.00
Caddo Co.B3A(I) 9.6 11.8 24.8 35.8 0.00 0.00 1.2 16.4 0.49 0.00
Y75008 (H7) 18.4 36.3 2.7 4.7 0.37 146 7.2 29.0 0.00 0.00

SAIIPUOY DY SATJIWIIJ Ul SPUBILL UOIRTUIIAII (]

1) orthopyroxene. 2) augite. 3) Including weathering procucts (Fe-hydroxide).
A = Acapulcoite, L = Lodranite, W = Winonaite, I = IAB iron and H7 = H7 chondrte.
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Table 2a. Chemical compositions of orthopyroxene in primitive achondrites (wt%).

Sio, TiO, ALO, FeO MnO MgO CaO0 Na,0 Cr,0, Total fe# Wo En  Fs
Acapulco (A) 572 021 029 727 069 339 094 003 027 10080 107 176 877 106
ALH77081 (A) 580 022 029 685 056 340 087 002 026 101.07 102 163 884 999
ALH78230(A) 579 021 030 690 058 339 091 002 026 10098 102 170 882 10.1
ALHS81187(A) 582 0.19 043 428 061 347 171 012 097 10121 65 321 905 627
ALHS81261(A) 578 0.9 029 676 054 338 088 002 024 10052 101 166 884 992
Y8307 (A) 580 021 029 670 053 335 08 002 034 10045 10.1 163 885 992
EET84302" (A/L) 57.8 022 049 554 052 339 132 004 048 10031 84 250 893 819
Gibson (L) 586 018 040 381 053 358 106 002 027 10067 57 198 925 553
MAC881777(L) 557 0.15 060 815 054 321 175 005 048 9952 125 360 842 122
Y74357" (L) 569 015 035 909 054 313 135 006 038 10012 140 260 838 137
Y75274 (L) 580 028 040 280 042 367 147 004 043 10054 411 269 933  4.00
Y791491 (L) 570 017 041 805 057 320 134 003 040 9997 124 258 854 121
Y8002 (L) 573 022 035 255 040 364 137 003 043 9905 378 253 938 368
Winona (W) 590 023 027 470 035 359 097 003 019 101.64 684 178 915 671
Tierra Blanca (W) 57.5 0.18 033 500 053 350 114 010 038 10016 742 213 906 727
Y74025” (W) 582 004 033 162 026 387 098 000 007 10020 229 175 960  2.25
Y75305”(W) 587 008 015 132 017 384 094 000 006 9982 1.8 170 965 186
Y8005 (W) 600 0.17 021 145 052 381 08 002 0.7 10150 2.10 157 964 207
Caddo County I) 574 0.19 032 485 048 350 122 006 041 9993 723 228 907  7.06
Y791058 (I) 585 025 022 429 044 363 080 002 020 101.02 622 147 924  6.13
Y75008 (H7) 573 010 051 1053 047 294 207 008 078 10124 168 40 799 161

1) TAKEDA et al. (1994).

2) KiMurA et al. (1992).

A = Acapulcoite, L = Lodranite, W = Winonaite, | = IAB iron and H7 = H7 chondrite.
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Table 2b. Chemical compositions of augite in primitive achondrites (wt%).

Si0; TiO, ALO; FeO

Acapulco (A) 55.6 053 079 296
ALH77081 (A) 549 058 082 274
ALH 78230 (A) 54.8 057 090 270
ALH81187(A)  55.1 055 100 183
ALH 81261 (A)  55.2 056 081 264
Y8307 (A) 533 054 079 637
EET84302" (A/L) 53.0 050 093 3.46
Gibson (L) 55.0 042 096 225
MAC88177" (L) 55.0 031 129 460
Y74357" (L) 55.0 031 094 394
Y75274 (L) 55.5 082 083 1.10
Y791491" (L) 54.1 045 101 327
Winona (W) 56.5 0.70 0.78 190
Tierra Blanca (W) 54.9 023 017 168
Y74025% (W) 54.8 075 071 051
Y753052 (W) 55.4 025 048 0.56
Y8005 (W) 53.9 1.00 101 139
Caddo County (I) 54.4 070 081 1.74
060 084 185

Y791058 (1) 55.1

MnO MgO
0.36 17.7
0.33 18.1
0.34 17.9
0.35 18.8
0.35 17.9
0.27 16.4
0.35 17.6
0.36 19.2
0.35 19.7
0.31 17.5
0.19 19.2
0.23 17.8
0.20 18.6
0.39 17.8
0.06 194
0.12 18.2
0.24 183
0.25 18.7
0.31 18.4

CaO

21.7
214
209
20.6
21.3
203

21.1

204
17.4
20.0
22,6
213

226
20.1
232
234
221

21.6
22.1

Na,O Cr,0; Total fe# Wo En Fs
0.69 1.30 101.63 8.59 447 50.6 4.75
0.01 145 100.33 7.81 43.8 51.8 439
0.01 1.34 99.46 7.80 43.7 52.0 4.39
0.01 1.83 100.07 5.17 42.7 54 4 2.96
0.01 142 100.19 7.65 44.1 51.6 427
0.75 1.33 10005 179 422 475 10.3
0.71 1.46 99.11 991 43.7 50.8 5.59
0.69 093 100.21 6.17 418 54.7 3.59
0.56 1.27 10048 116 359 56.7 7.42
0.79 1.44 10023 112 42.1 514 6.48
0.54 0.71 101.49 3.12 45.1 53.2 1.71
0.80 1.20 100.16 9.35 438 509 5.25
0.61 0.73 102.62 542 452 518 297
1.51 3.13 9991 5.02 435 53.7 2.84
0.42 0.15 100.00 1.46 459 533 0.79
033 0.14 98.88 1.70 47.7 514 0.89
0.61 0.66 99.21 4.09 455 523 223
0.67 0.87 99.74 4.96 44.1 53.1 2.77
0.69 1.14  100.03 5.35 45.0 52.1 294

1) TaKE®A et al. (1994).

2) KiMURra et al. (1992).

A = Acapulcoite, L = Lodranite, W = Winonaite and I = IAB iron.
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Table 2c. Chemical compositions of olivine in primitive achondrites (wt%).

Slol TIOZ Aleg FeO MnO MgO CaO Na7_0 Cr;O; Total fE#
Acapulco (A) 38.4 007 030 11.4 0.62 46.7 0.03 0.01 294 100.47 12.0
ALH77081 (A) 409 0.01 0.1 10.2 0.51 494 0.01 0.01 0.03 101.08 10.3
ALH78230 (A) 407 0.01 0.03 10.0 0.52 493 0.03 0.0l 0.02 100.62 10.2
ALH81187 (A) 422 0.01 0.02 3.97 0.47 547 0.02 001 0.04 101.44 391
ALHS81261 (A) 40.8 002  0.01 9.81 0.52 493 002  0.01 0.10 100.59 10.0
Y8307 (A) 414 0.01 0.01 10.5 0.49 48.6 002 001 0.05 101.09 10.8
EET84302 (A/L) 41.2 0.01 0.02 8.20 0.45 50.4 0.03 0.01 0.03 100.35 8.36
Gibson (L) 42.1 0.01 0.00 2.94 0.39 549 004 0.0 0.04 100.42 2.92
MAC88177" (L) 40.5 0.01 0.03 12.8 0.48 46.5 0.01 0.01 0.01 100.35 13.4
Y74357" (L) 413 0.00 0.02 7.59 0.52 50.8 0.02 0.01 100.26 7.73
Y75274 (L) 41.1 0.01 0.00 3.93 0.37 54.4 0.02 0.00 0.03 99.86 3.89
Y791491 (L) 40.4 0.01 0.00 11.0 0.49 480 0.05 0.1 0.03 99.99 11.4
Y8002 (L) 41.1 0.01 0.01 348 0.36 542 002  0.00 0.05 9923 3.47
Winona (W) 419 001  0.00 3.75 0.31 55.2 0.01 0.00 0.02 101.20 3.67
Tierra Blanca (W) 41.4 0.00  0.03 5.57 0.70 525 0.02  0.04 0.02 100.28 5.62
Y74025 (W) 415 000  0.01 1.81 0.29 56.2 0.00  0.00 0.02 99.83 1.78
Y75305 (W) 425 0.00 0.00 1.75 0.17 55.0 0.00  0.00 0.02 99.44 1.75
Y8005 (W) 42.1 0.01 0.06 2.15 034 56.1 0.01 0.00 0.02 100.79 2.11
Caddo County (I) 41.8 0.03  0.01 4.05 0.41 54.3 0.02  0.00 0.06 100.68 402
Y791058 (1) 420 0.02 0.1 482 0.39 54.1 0.01 0.01 0.02 101.38 4.76
Y75008 (H7) 40.2 0.03 0.01 173 0.42 425 002  0.00 0.04 100.52 18.6

1) TAKEDA et al.(1994).

A = Acapulcoite, L = Lodranite, W = Winonaite, I = [AB iron and H7 = H7 chondrite.
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Table 2d. Chemical compositions of plagioclase of primitive achondrites (wt%).

Sio, TO, ALO, FeO MgO CaO Na0 KO Total An Ab Or
Acapulco(A) 657 006 222 013 001 332 961 072 10175 154 806  3.99
ALH77081 (A) 668 005  22.1 025 001 300 908 076 10205 148 808 445
ALH78230 (A) 654 004 218 039 006 28 900 077 10030 142 813 456
ALH81261 (A) 661 006 222 014 001 306 912 081 10150 149 804 468
ALH81187(A) 630 006 223 102 002 378 981 026 10025 173 813 143
Y8307 (A) 640 004 211 154 002 298 88 083 9933 150  80.1 495
EET84302(A/L) 636 004 233 012 003 476 917 036 10138 219 762 195
Gibson (L) 651 003 228 023 001 411 832 064 10124 206 755  3.83
Y8002 (L) 603 006 245 007 001 609 840 031 9974 281 702 171
Y75274 (L) 628 007 233 098 001 533 812 032 10093 261 720 184
Winona (W) 668 007 224 038 000 343 867 067 10242 172 788  4.02
Tierra Blanca (W) 652 000  21.6 026 002 284 103 055 10077 128 843 293
Y74025 (W) 645 001 231 028 001 423 98 033 10228 189 793 177
Y75305 (W) 628 001 238 035 012 551 877 023 10159 255 733 129
Y8005 (W) 658 004 215 043 001 253 108 048 10159 112 863 254
Caddo County (I) 64.1 007 225 009 001 310 976 048 10011 145 88 269
Y791058 (I) 660 007 223 007 001 321 906 070 10142 157 803 406

A = Acapulcoite, L = Lodranite, W = Winonaite and I = IAB iron.
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Table 2e. Chemical compositions of Fe-Nimetal (kamacite) of primitive achondrites (wt%).

Co Fe Ni P Total
Acapulco (A) 0.64 92.7 751 0.01 100.86
ALH77081 (A) 0.59 93.8 6.47 0.01 100.87
ALH78230 (A) 0.56 93.8 6.63 0.00 100.99
ALH81187 (A) 0.54 94.6 5.75 0.00 100.89
ALH81261 (A) 0.59 93.0 6.76 0.00 100.35
Y8307 (A) 0.61 935 6.92 0.00 101.03
EET84302" (A/L) 0.60 926 6.16 0.07 99.43
Y74357" (L) 0.45 94.9 4.66 0.08 100.09
Y75274" (L) 0.50 94.6 495 0.03 100.08
Y8002 (L) 0.50 93.9 5.47 0.06 99.93
Tierra Blanca (W) 0.65 926 5.77 0.00 99.02
Y74025 (W) 0.65 93.2 6.32 0.00 100.17
Y75305 (W) 0.64 926 6.87 0.00 100.11
Y8005 (W) 0.52 94.0 6.33 0.00 100.85
Caddo County (I)  0.57 93.6 6.68 0.01 100.86
Y791058 (1) 0.55 93.0 6.37 0.00 99.92
Y 75008 (H7) 0.64 935 6.94 0.05 101.13

1) After TAKEDA et al. (1994).
A = Acapulcoite, L = Lodranite, W = Winonaite, I = IAB iron and H7 = H7 chondrite.

Y-791058

PTS Y-791058,51-2 is metal-rich (YANAIL, 1992; TAKEDA ef al., 1994), whereas Y-
791058,91-2 is a silicate-rich PTS (Fig. le) . Silicates are fine-grained (about 0.1-0.3
mm) and clear. The modal abundances of minerals of PTS Y-791058,51-2 are: metal-
sulfide-Fe-hydroxide 82 vol%, Ol 4, Opx 8, Plag 6, Aug 0.1 and trace amounts of
whitlockite (TAKEDA et al., 1994). The modal abundances of minerals in PTS Y-
791058,91-2 obtained from the mineral distribution map (Fig. 2c) are shown in Table 1.
It is very similar to acapulcoites, although it is slightly richer in Plag (17.6 vol%). PTS
Y-791058,91-2 is also similar to acapulcoites in texture. Plag is distributed homoge-
neously in PTS Y-791058,91-2 but Aug is distributed locally. The fe# of Opx is 6.2 and
that of Ol is 4.8.
Other samples

The other samples studied in this paper include five acapulcoites (Acapulco,
ALH77081,4, ALH78230,51-2, ALH81187,16 and ALH81261,14), seven lodranites
(Gibson, EET84302,28, Y-74357,62-1, Y-75274,81-2, Y-791491,61-2, Y-8002,51-2 and
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MAC88177,17), four winonaites (Tierra Blanca, Winona, Y-74025,52-4 and Y-75305,52-
2) and IAB iron (Caddo County,B1A,B2A,B3A) and one H7 chondrites (Y-75008,2-3).
Mineral distribution maps for these meteorites were made except for ALH81187 and
ALH81261. The modal abundances of minerals obtained from these mineral distribu-
tion maps are shown in Table 1. The chemical compositions of minerals are shown in
Tables 2a—e.

Acapulco (PALME et al., 1981; ZipreL et al., 1995) is coarser-grained (up to about
0.4 mm across) than ALH77081, ALH78230 (Fig. 1f) and ALH81261 (up to about 0.25
mm across). There are oriented dusty inclusions in Opx grains in Acapulco. ALH81187
has smaller fe#s of silicates than other acapulcoites (Tables 2a—c).

EET84302,28 includes considerable amounts of Ca-Al-rich minerals, and it con-
tains large and complex-shaped metal grains. The modal abundances of minerals in
EET84302,19 (TAKEDA et al., 1994) is much different from those of EET84302,28.
EET84302,28 also includes much larger amounts of Fe-Ni metal than other lodranites
and acapulcoites, and the Fe-Ni metal grains have unique complex shapes (Fig. 1b).

The modal abundances of minerals in Winona was obtained only about silicates and
Ca-phosphates, because Winona contains much weathering products. Y-74025 and Y-
75305 contains daubreelite. The large metallic grains in Y-75305,52-2 nearly enclose a
cluster of silicate grains (Fig. 2d). Tierra Blanca has larger fe#s of silicates than other
winonaites (Tables 2a—c).

Three PTSs of Caddo County (B1A,B2A,B3A) which are parallel to the cut slab
surface, 5 cmx3 cm of the original Caddo County sample (TAKEDA et al., 1997) were
used to obtain modal abundances. The PTSs, B1A (Fig. 1g), B2A (Fig. 1h) and B3A
(Fig. 1i) represent three chemically distinct areas. Existence of basalt with gabbroic
texture is recognized in PTSs, B2A and B3A. PTS Caddo County B1A (about 16.7
mmx15.3 mm) is a Mg-rich area in the X-ray elemental distribution map (TAkKEDA et al.,
1997). The area is finer-grained (0.2—1.5 mm in size) than B3A, and Opx and Ol are the
most abundant minerals, and Plag and Aug in much smaller amounts, filling interstices
of grain boundaries of the mafic silicates together with troilite and Fe-Ni metal, and
minor chromite. In some areas, vein-like Plag enclosing also elongated Aug are ex-
tended from the fine-grained mafic silicate-rich regions. The modal abundnces of miner-
als of B1A are similar to those of Y-791058,91-2 (silicate-rich PTS). PTS Caddo
County,B2A has much larger Plag showing a poikilitic texture including rounded mafic
silicates. Fine networks of metal distribute in some Plag-rich regions. PTS Caddo
County,B3A represents an area adjacent to metal and consists of Aug crystals up to 1
mm in diameter set in much larger Plag crystals. The finer-grained region of PTS ,B1A
has very similar modal abundances of minerals to acapulcoites (Table 1). The Y-75008
H7 extensively recrystallized chondrite was studied for comparison with primitive achon-
drites.

3.2. Modal abundances of minerals
Modal abundances of minerals of twenty PTSs obtained from mineral distribution
maps are summarized in Table 1. The mineral distribution maps of Y-8005,51-3,Y-
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Fig. 2. Mineral distribution maps of primitive achondrites.
a. Y-8005 (winonaite). b. Y-8307 (acapulcoite).
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Fig. 2. (continued).
c. Y-791058,91-2 (silicate-rich portion of a IAB iron).
d. Y-75305 (winonaite).
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8307,51-2, Y-75305,52-2, and Y-791058,91-2, are shown in Figs. 2a—d. The volume
percentage of opaque minerals varies from 5.2% (MAC88177) to 82% (Y-791058 metal-
rich PTS).

Because the modal abundances of Fe-Ni and Fe-bearing sulfide and oxide are so
variable, the mineral assemblages of silicate and phosphate portions of primitive achon-
drites are plotted in the Opx-Ol-(Plag+Aug) pseudo-ternary diagram (Fig. 4). The pre-
vious investigations (e.g., PrRiNz et al., 1983) used (Opx+Aug) component as a param-
eter to indicate differentiation trend. Instead, we combined Aug with Plag to see where
Ca-Al-rich melt was concentrated.

4. Discussion

4.1. Modal abundances of minerals

Modal abundances of minerals of twenty PTSs obtained by CMA are summarized
in Table 1. They are also plotted graphically in Figs. 3 and 4. Y-8307 is almost identical
to ALH77081 and ALH78230 and is less similar to Acapulco. Y-8005 can be classified
as a winonaite on the basis of mineral chemistry. The distribution of opaque minerals of
Y-8005 is more similar to Y-75305 than Y-74025.

Y-8005, Y-8307 and Y-75008 fall in the area of acapulcoites and winonaites in the
Opx-0Ol-(Plag+Aug) pseudo-ternary diagram (Fig. 4). Winonaites generally tend to de-
viate from chondritic assemblages in the direction away from the Opx-Ol join, but Tierra
Blanca is closer to the Opx-Ol join than other winonaites. Tierra Blanca is poorer in Ca-
rich materials and slightly richer in Ol than other winonaites. The modal abundances of
minerals of some selected parts of the PTSs of Caddo County, B1A (coarser-grained
region (CR) and finer-grained region (FR)), B2A (region 1 (R1) and R2), B3A (R1, R2
and R3), EET84302,19 (chromite-rich region (C) and metal-rich region (M) (TAKEDA et
al., 1994)), are added in Fig. 4. There are considerable heterogeneities in each PTSs of
Caddo County and EET84302,19. Caddo County, B1A FR is plotted at the region of
acapulcoites. Gibson, Y-8002 and Tierra Blanca fall near the center of this diagram.
Figure 4 clearly shows the differentiation trend of the AL group. Most lodranites plot
towards lower base line between Opx and Ol. The variation of Opx/Ol ratio of these
lodranites may mainly be due to the fact that these lodranite PTSs are not large in com-
parison with coarser grain sizes of the Opx and Ol crystals in these PTSs. Many
acapulcoites are plotted above the H7 position. Most of the primitive achondrites are
distributed near the bisector of the (Plag+Aug) corner. The samples which fall near the
corner of Plag+Aug, can be interpreted as crystallization product of low-melting com-
ponent, while those samples which fall near H-chondrites can be taken as the product of
recrystallization of the chondritic materials. The samples fall near the Opx-Ol line can
be taken as recrystallization product from residue of partial melt.

4.2. Classification of primitive achondrites

ALH77081, ALH78230 and ALH81261 resemble each other in texture and chemi-
cal and mineralogical compositions (Tables 2a—e). These meteorites can be taken as
typical acapulcoites because they can be regarded as fine-grained recrystallized materi-
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Fig. 4.

The mineral assemblages of silicate portions normalized by Y-75008 plotted in an Opx-Ol- (Plag+Aug)
daiagram. (Caddol =Caddo County,BIA, Caddo2=Caddo County,B2A, Caddo3=Caddo County,B3A,
Caddo3R3=Region 3 of Caddo County,B3A, EET19=EET84302,19, EETI19C =chromite-rich region
and EETI9M =metal-rich region of EET84302,19 and EET28=EET84302,28). Data for EET84302,19
and Y-791058,51-2 are from TAKEDA et al. (1994).
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als of near chondritic composition. Acapulco is slightly different from them in texture
and compositions of silicates and metal volume percentage. Thus, Acapulco is not a
typical acapulcoite. Modal abundances of minerals and chemical compositions of min-
erals of Y-8005 and Y-8307 show that Y-8005 is a winonaite and Y-8307 is an acapulcoite.
ALHS81187 and EET84302 have obviously different textures from other acapulcoites
and are also different in composition. The small fe# of Ol and Opx in ALH81187 sug-
gests that ALH81187 is more reduced than other acapulcoites. EET84302 was origi-
nally classified as a lodranite because of its coarse-grained texture, but the silicate por-
tions of the two PTSs plot at farther points from lodranite region than other acapulcoites
in Fig. 4. However, a region next to the chromite-rich area is like an Opx-rich lodranite
(TakeDpA et al., 1994). Certainly, it is difficult to classify such heterogeneous meteorite,
but EET84302 has much chemical affinity to acapulcoites than to lodranites or Plag-
Aug-rich materials. It is not an ordinary acapulcoite nor an ordinary lodranite. We be-
lieve that the amount of Ca-Al-rich minerals is more important factor to distinguish
acapulcoites from lodranites, so we call EET84302 an acapulcoite.

Large amounts of Plag-Aug-rich materials were found in Caddo County, B2A and
B3A. The discovery of Plag-Aug-rich materials such as Caddo County B2A and B3A
tempts us to give a new sub-group name to the Plag-Aug-rich material. However, intro-
duction of the new name may introduce further confusion in the classification scheme of
primitive achondrites, so we are resisting this temptation for the time being.

4.3. Formation processes of primitive achondrites
4.3.1. Heterogeneous distributions of materials

The mineral distribution maps and modal abundances of minerals plotted in Fig. 4
show that the textures and modal abundances vary on a local scale, within a few cm.
Gabbroic materials were found not far from the winonaite-like region (Caddo County,
B1A) in the Caddo County slab sample. There are also metal-rich areas near these areas
in the slab. These facts imply that the separation mechanisms may not have been too
efficient in the WI parent body. We emphasize that such heterogeneous assemblages of
materials are not due to reassemblage of clastic materials of different textures and min-
eral assemblages. The transition of one area to another takes place in a continuous
manner, which can be best explained by a petrological process, rather than a mechanical
reassembly of different clasts.

Acapulcoites and lodranites are thought to come from the same parent body on the
basis of the oxygen isotopic compositions (CLAYTON et al., 1992). The boundary be-
tween acapulcoites and lodranites is not clear and may be gradational. There may be no
single explanation for the variety of acapulcoites and lodranites. The variety of the AL
group suggests that there are primitive achondrites with complementary compositions
of lodranites that have not been found yet. Although Caddo County comes from a sepa-
rate parent body, meteorites similar to Caddo County B2A and B3A can be considered
as a candidate of such complementary materials. The sample plotted near the Opx-
(Plag+Aug) line is EET84302,19. The existence of EET84302 suggests that there may
be more complementary meteorites to lodranites.
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Hiror et al. (1993) proposed a stony-iron model for S asteroids, which assumes that
a few domains of various primitive achondrites are embedded in a Fe-metal matrix. In
view of the observed variations in compositions and textures of primitive achondrites,
the parent bodies of primitive achondrites are seemed to have local heterogeneity in
finer scale than envisioned by Hirol ef al. The fine-grained regions of the parent bodies
are acapulcoite-like and the coarse-grained regions depleted in Plag are lodranite-like.
Iron meteorites with SI may also exist in the AL parent body if the Fe-Ni-S eutectic melt
is concentrated locally. Such material has been recovered recently from Antarctica (T.
McCoy, pers. commun.,1997), but its origin is not determined. The local heterogeneity
of materials in the AL parent body can explain the variety of abundances of minerals
found in both meteorites and S asteroids.

On the basis of the presence of coarser mafic mineral inclusions in fine-grained
matrix in Winona, BENEDIX et al. (1996) proposed a destruction and reassembly model.
A similar texture found in Y-8307 is not as pronounced as that of Winona and no rela-
tionship can be seen between the distribution of coarse grained materials and those of
Aug and Plag, and the fault-like lines. The texture of Y-8307 does not support the
reassembly model. The complex shapes of metal cannot be interpreted as clasts of me-
tallic cores. These coarse-grained portions of silicates can be interpreted as growth of
coarser-grained mafic silicates in expense of fine-grained materials, using larger grains
in the original chondrites as nucleus crystals. We do not need to invoke reassembly of
differentiated clasts of silicate material as was proposed by BENEDIX et al. (1996). The
textures and materials in mesosiderites or howardites are those produced by brecciation
and mixing. We did not find such texture in Caddo County at least in our thin sections.
If brecciation and mixing had occurred, we could see more genetically unrelated materi-
als in the PTSs. The heterogeneous distribution of materials in EET84302 is in line with
the idea that local heterogeneity of materials in the parent body can explain the variety
of primitive achondrites (TAKEDA ef al., 1994).

We assume that AL and WI were formed by common process. The existence of
Caddo County is not direct evidence to show there was not explosive volcanism, but we
suggest that Caddo County-like materials can exist in the AL group. TAKEDA et al. (1994)
found a region enriched in plagioclase, augite and metal in EET84302, and McCoy et al.
(1997b) found subsequently such basaltic material in LEW86220, but they interpreted it
differently. We believe that our model can explain more observations than other mod-
els.

4.3.2. Common processes of early differentiation in primitive achondrite bodies

There are some noticeable differences between the AL and WI groups. The mafic
silicate-rich lodranite-like area is conspicuously missing in the WI group, and the iron-
meteorite-like materials are missing in the AL group. However, these differences may
be the result of problems in sampling a large parent body, and metal-rich trends ob-
served in EET84302 suggest extension of the trend will lead to the Caddo County-like
materials.

By combining these two groups, the entire picture of the parent body can be recon-
structed. From an ideal picture reconstructed from some members of the AL/WI group,
a formation and evolution mechanism of these meteorite groups has been proposed as
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the most basic differentiation process of planetesimals from primitive source materials.
This mechanism involves segregation and migration of partial melts such as Ca-, Al-rich
silicate melt and Fe-Ni-S eutectic melt from chondritic materials in the AL group.

The origin of primitive achondrites can be explained by local heterogeneity of ma-
terials in the parent bodies, with the variation in extent of differentiation from recrystal-
lized chondrite to segregation of iron meteorite plus plagioclase-augite assemblage leaving
lodranite-like mafic silicates behind. Such processes are the most basic form of differ-
entiation of primitive source materials.

5. Conclusions

(1) Mineralogical characterization of winonaites and silicate inclusions in [AB iron
meteorites and other primitive achondrites revealed that boundaries between the sub-
groups cannot be clearly defined, but instead are gradational. Each sample represents
one picture of continuum of chemical and mineralogical variations.

(2) General features of these variations include large difference in the silicate/metal
abundance and in the plagioclase and augite abundance. The olivine/Opx ratio does not
show a large variation except for some lodranites.

(3) Primitive achondrites that include Ca-phosphate and have mafic silicates with
fe# >10 do not include schreibersite. Primitive achondrites that include schreibersite
and that have mafic silicates fe# <10 do not include Ca-phosphate. Those with much
smaller fe#s include daubreelite. Such trends can be explained by the oxidation-reduc-
tion condition.

(4) The mineral distribution of primitive achondrites is variable. Investigations of
more than one PTSs of the same meteorite reveal that there is also considerable hetero-
geneity of the mineral distribution in a smaller scale, within one meteorite or even within
one PTS.

(5) The origin of primitive achondrites can be explained by local heterogeneity of
materials in the parent bodies with the variation trend from recrystallized chondrite to
segregation of iron meteorite plus plagioclase-augite assemblage leaving lodranite-like
mafic silicates behind. Such processes are the most basic form of differentiation of
primitive source materials.

(6) The above facts cannot be explained by a simple equilibrium partial melting
model proposed by previous investigators.
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