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Supplementary Fig. 1 | Oxygen and chromium isotope compositions of NWA 8321 in
comparison with other achondrite meteorites. The regions for different achondrite
meteorites are adapted from Supplementary Ref. 1.
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Supplementary Fig. 2 | Mosaic backscattered electron image of two sections of NWA
8321. Red circles indicate the olivine grains that are totally included in orthopyroxene
(Opx-1).
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Supplementary Fig. 3 | Compositions of chromite in NWA 8321 in comparison with
chromite and ulvéspinel in other HED meteorites. The red squares are chromite from
NWA 8321. The grey squares, blue circles, and green circles are chromite and ulvospinel in
diogenite, basaltic eucrite, and cumulate eucrite from Ref. 4, respectively.
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Supplementary Fig. 4 | Chondrite-normalized rare earth element patterns in
orthopyroxene (Opx-l), augite, plagioclase, and merrillite from NWA 8321. Reference Cl
chondrite data is from Supplementary Ref. 2. The error bars represent 1 standard
deviation (SD).
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Supplementary Fig. 5 | Representative results of Rhyolite-MELTS calculations at various
pressures (0.2 GPa, 0.1 GPa, 0.06 GPa, and 0.01 GPa) and an oxygen fugacity of FMQ-5.
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Supplementary Fig. 6 | Distribution of bulk Fe concentrations (wt%) with varying modal
abundances of olivine and proportions of sulfurized olivine. The calculation assumes that
the olivine-rich lithology (dunite and harzburgite) are composed of orthopyroxene and
olivine. The compositions of olivine and Opx-| are selected as their initial compositions.
Different colors denote various bulk Fe concentrations. The dotted line denotes the critical
proportion of sulfurized olivine to keep the modal abundance of olivine below 25%, which
is the minimum abundance for olivine to be detected by the Dawn VIS spectrometer. Above
this dotted line, the modal abundance of olivine would be below 25%.



Supplementary Table 1 | Microprobe compositions (wt%) of pyroxene in NWA 8321.

Si0, TiO, ALO; Cr,03 MgO FeO MnO CaO Na,O Total MgH# Fe/Mn Wo En Fs
Opx-1

55.6 0.11 282 095 271 120 0.47 153 0.39 101.0 0.80 249 3.1 77.8 19.1
546 0.18 0.38 158 281 123 0.45 259 bd 100.2 0.80 273 50 764 186
543 0.14 1.00 041 277 141 0.54 1.62 bd 99.81 0.78 259 3.1 756 213
543 0.14 1.13 046 273 143 0.51 161 bd 99.75 0.78 27.4 3.2 75.1 2138
54,5 0.13 1.00 045 273 140 0.55 1.50 bd 99.43 0.78 25.1 3.0 75,5 215
55.4 014 1.00 043 265 138 0.52 266 0.03 100.5 0.78 26.1 53 734 213
55.1 0.14 099 044 26.6 143 0.54 1.64 bd 99.75 0.77 26.2 3.3 744 223
55.1 0.16 0.95 040 275 142 0.52 145 bd 100.3 0.78 26.8 29 755 216
542 018 1.11 035 276 141 0.52 150 0.02 99.58 0.78 269 29 756 215
546 014 099 032 278 132 0.51 162 0.02 99.2 0.79 254 3.2 76.6 20.2
544 016 096 029 279 138 0.52 1.33 0.02 99.38 0.78 26.0 2.6 76.5 209
541 013 0.84 032 279 143 054 130 0.02 9945 0.78 26.2 25 759 216
Opx-II

546 0.06 051 016 29.2 140 0.49 0.48 bd 99.50 0.79 28.1 09 783 20.8
55.4 0.06 0.33 0.08 29.0 14.0 0.53 0.50 bd 99.90 0.79 258 1.0 78.1 209
55.1 0.04 036 011 289 139 0.52 0.46 bd 99.39 0.79 266 09 782 21.0
548 0.08 0.38 0.13 289 14.0 0.48 0.47 bd 99.24 0.79 28.7 09 781 21.0
55.2 0.02 0.15 0.02 293 141 0.50 0.37 bd 99.66 0.79 27.6 0.7 784 209
546 0.08 035 009 29.2 141 0.50 0.46 bd 99.38 0.79 27.8 09 78.2 209
55.0 0.07 0.34 0.09 291 141 0.48 0.53 bd 99.71 0.79 28.8 1.0 780 21.0
55.2 0.11 043 015 290 139 0.49 048 0.03 99.79 0.79 28.1 09 782 208
55.0 0.06 0.28 0.06 29.2 14.1 0.52 0.46 bd 99.68 0.79 269 09 781 21.0
549 0.05 047 014 289 13.8 0.53 049 bd 99.28 0.79 25,7 1.0 783 208
556 0.05 044 009 293 139 0.50 047 0.07 1004 0.79 27.4 09 784 20.7
55.6 0.06 035 012 29.0 138 0.54 044 0.03 9994 0.79 250 09 784 20.7
55,5 0.07 042 018 285 13.6 0.48 050 0.02 99.27 0.79 28.1 10 782 208
54,7 0.08 0.53 0.77 285 13.8 0.49 0.51 bd 99.38 0.79 279 1.0 780 21.0
558 0.09 063 017 283 140 0.49 059 0.03 100.1 0.78 282 11 77.5 213
56.1 0.06 0.21 0.08 288 14.0 0.53 0.45 bd 100.2 0.79 258 09 781 21.0
55.0 0.13 055 128 286 13.6 0.48 0.36 bd 100.0 0.79 283 0.7 785 20.8
55.0 0.13 157 140 282 132 0.46 060 0.04 100.6 0.79 28.1 12 784 204
547 0.09 033 014 290 141 0.49 050 0.03 99.38 0.79 285 1.0 780 211
555 0.05 036 008 295 143 0.51 045 0.03 100.8 0.79 27.8 08 781 21.0
55.0 0.07 0.47 010 291 140 0.48 0.51 0.02 99.75 0.79 29.1 1.0 78.1 209
549 0.07 037 006 287 142 0.49 054 0.03 99.36 0.78 286 10 776 214
Augite

54.1 015 0.72 037 16.6 4.88 0.28 223 0.11 99.51 0.86 17.1 451 472 7.7
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Mg#=Mg/(Mg+Fe) in mole. Bd: below detection limit. Wo=100*Ca/(Mg+Fe+Ca) in mole;
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Supplementary Table 2 | Microprobe compositions (wt%) of plagioclase in NWA 8321
P,Os SiO, TiO, AlLO3; MgO FeO CaO Na,O K,O Total An
0.02 444 bd 363 0.02 022 182 1.16 0.02 100.3 89.6
0.03 443 bd 369 0.02 027 186 093 0.02 1011 916
0.05 453 0.03 363 0.02 0.25 182 1.24 0.03 101.4 88.9
0.05 45.1 0.03 36.2 bd 0.27 18.1 1.16 bd 100.9 89.6
0.02 453 0.03 355 0.02 0.07 17.8 1.39 0.03 100.2 87.5
0.02 453 bd 35.9 bd 0.08 179 1.29 0.04 100.5 88.3
Bd: below detection limit. An=100*Ca/(Ca+Na+K) in mole.

10



Supplementary Table 3 | Microprobe compositions (wt%) of olivine in NWA 8321
Si0, Cr,0s MgO FeO MnO Total Mg# Fe/Mn
37.6 bd 39.4 223 0.44 99.74 0.76 50.3
37.6 bd 399 21.6 0.44 99.54 0.77 48.7
37.8 0.02 393 22.0 0.47 99.59 0.76 46.0
38.3 bd 403 21.7 0.41 100.7 0.77 51.8
384 0.05 399 218 0.45 100.6 0.77 48.4
387 0.03 40.1 215 0.44 100.8 0.77 47.7
38.6 bd 394 220 0.46 100.5 0.76 47.4
38.3 bd 394 224 0.44 100.5 0.76 50.5
384 0.15 394 219 0.44 100.3 0.76 49.7
385 0.12 39.7 219 0.48 100.7 0.77 44.7
382 0.04 40.0 21.1 0.44 099.78 0.77 47.0
382 0.05 393 214 0.4 99.35 0.77 52.6
38.0 bd 39.6 21.8 0.41 99.81 0.77 524
37.8 0.02 396 22.0 0.47 99.89 0.76 46.1
Mg#=Mg/(Mg+Fe) in mole. Bd: below detection limit. Fo=100*Mg/(Mg+Fe) in mole.
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Supplementary Table 4 | Microprobe compositions (wt%) of chromite in NWA 8321
TiO, AlLOs Cr,03 MgO FeO MnO Total Mg# Chr Spl Usp
Coarse-grained chromite
1.06 164 49.2 465 28.6 0.67 1006 0.23 65.0 323 2.7
1.00 16.8 493 453 286 0.64 1009 0.22 64.7 328 25
097 175 47.6 481 280 0.61 99.49 0.24 63.0 346 24
1.06 17.1 483 467 28.2 0.62 9995 0.23 63.7 33.6 26

Fine-grained chromite

0.63 135 519 339 295 0.72 99.64 0.17 709 275 1.6

0.61 128 525 313 29.1 0.68 98.82 0.16 72.1 263 1.6

0.57 127 528 2.77 295 0.66 99.00 0.14 726 26.0 1.5

099 171 49.2 4.17 285 0.61 1006 0.21 643 333 25

0.75 17.2 494 441 283 0.55 1006 0.22 64.7 335 19

1.00 16.0 50.5 465 280 0.63 100.8 0.23 66.3 31.2 25

0.76 159 511 4.14 284 0.61 1009 0.21 67.0 311 19
Mg#=Mg/(Mg+Fe) in mole. Chr=100*Cr/(Cr+2*Ti+Al) in mole; Spl=100*Al/(Cr+2*Ti+Al) in mole;
Usp=100*2*Ti/(Cr+2*Ti+Al) in mole.
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Supplementary Table 5 | Microprobe compositions (wt%) of merrillite in NWA 8321
P,Os SiO Cr,03 MgO FeO MnO CaO Na,O K,O Total
46,5 0.06 0.25 346 082 0.03 46.1 211 0.07 99.40
46.2 bd 0.03 348 0.97 bd 45.6 2.36 0.08 98.72
45,5 0.08 bd 3.62 0.84 bd 48.0 2.26 bd 100.3
45.0 0.65 0.32 3.72 0.69 0.04 478 210 bd 100.3
Bd: below detection limit.
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Supplementary Table 6 | REE compositions (ppm) of minerals in NWA 8321

Orthopyroxene (Opx-I) Augite

40PX 1SD 50PX 1SD 90PX 1SD 70PX 1SD 8AUG 1SD 3AUG 1SD
La 0.10 0.02 0.11 0.02 0.24 0.05 0.22 0.04 2.25 0.08 219 0.05
Ce 055 010 045 0.05 1.40 0.26 1.10 0.22 14.79 0.26 14.28 0.16
Pr 0.05 0.01 0.06 0.01 0.11 0.01 0.07 0.01 3.34 0.04 3.60 0.07
Nd 0.23 0.03 039 005 041 0.05 0.10 0.02 17.67 0.39 18.77 0.29
Sm 020 0.05 0.23 0.03 0.28 0.04 0.12 0.03 6.98 0.27 6.75 0.24
Eu 0.01 0.01 0.03 001 001 001 0.00 0.01 0.19 0.01 0.12 o0.01
Gd 030 003 036 0.03 041 004 0.15 0.01 6.30 0.15 5.70 0.08
Tb 0.06 0.01 006 001 0.07 001 0.04 0.01 1.01 0.03 1.02 0.04
Dy 0.75 0.05 0.62 0.08 0.61 0.05 0.46 0.05 5.45 0.17 5.82 0.27
Ho 0.11 0.01 0.13 0.02 0.13 0.02 0.09 0.01 0.86 0.05 0.92 0.04
Er 0.29 0.04 0.25 0.04 0.32 0.05 0.23 0.03 1.67 0.13 1.95 0.17
Tm 007 001 0.05 0.01 0.04 0.01 0.04 0.01 0.21 0.02 0.21 0.02
Yo 033 0.04 039 005 0.33 0.03 0.32 0.03 2.04 0.13 1.79 0.12
Lu 0.06 0.01 0.06 0.01 0.07 001 0.05 0.01 0.25 0.02 0.28 0.03

Augite Plagioclase Merrillite

4AUG 1SD 5AUG 1SD 8AN 1SD 9AN 1SD AMRL 1SD
La 422 0.16 190 0.06 0.64 0.04 1.47 0.03 459 4
Ce 19.13 114 9.26 0.21 1.27 0.14 266 0.13 2180 16
Pr 292 0.07 192 0.05 0.10 0.01 0.23 0.02 436 3
Nd 13.25 0.32 9.23 0.22 0.19 0.04 0.70 0.07 2396 23
Sm 537 0.17 423 0.21 0.03 0.01 0.09 0.02 1097 13
Eu 0.16 0.01 0.14 o0.01 2.65 0.03 247 0.05 26 1
Gd 480 0.11 4.01 0.14 0.01 0.01 0.02 0.02 1054 19
To 082 0.02 0.73 0.04 164 2
Dy 5.01 0.14 440 0.15 1024 13
Ho 0.76 0.04 0.66 0.03 175 3
Er 1.57 0.13 1.40 0.11 381 12
Tm 0.14 0.01 0.14 0.02 51 2
Yb 1.39 0.07 1.46 0.08 354 6
Lu 0.24 0.02 0.16 0.01 45 1
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Supplementary Table 7 | Whole-rock compositions (wWt%) of major elements in NWA 8321
P205 SIOZ TIOz A|203 F6203(t0t) Cr203 MnO MgO CaO NaZO Kzo Total
0.03 51.24 0.14 4.02 15.77 097 0.44 23.78 3.10 0.07 0.01 99.56
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