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Abstract

The eucrites and diogenites are meteorites that probably originate from asteroid 4-Vesta. The upper part of the crust of this
body is certainly composed of eucrites which are basaltic or gabbroic rocks. Diogenites are ultramafic cumulates whose rela-
tionships with eucritic lithologies are unknown. Here, we show that the orthopyroxenes of some diogenites display very deep
negative Eu anomalies (Eu/Eu* close to 0.1 or lower). The contamination of the parental magmas of diogenites by melts
derived by partial melting of the eucritic crust can satisfactorily explain the range of the Eu anomalies displayed by diogenites.
Thus, these anomalies are the first firm indication that parental melts of diogenites have intruded the eucritic crust, and con-

sequently are younger than eucrites.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Achondrites preserve a record of the magmatic processes
that occurred during the differentiation of small planetary
bodies. The howardite—eucrite-diogenite (HED) meteorites
provide us with the largest sampling of magmatic rocks
from such a body, probably asteroid 4-Vesta (Drake,
2001; McSween et al., 2010), whose surface will be studied
next year by the Dawn spacecraft (Russell et al., 2007).
Available lithologies comprise both a variety of basaltic
or gabbroic rocks (eucrites) and ultramafic cumulates (diog-
enites). With more than 200 meteorites (including pairings),
diogenites constitute one of the largest groups of achon-
drites. Almost all these rocks are orthopyroxenites, chiefly
composed of magnesian orthopyroxene crystals, with minor
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chromite, silica, troilite, metal, and occasionally olivine,
diopside, plagioclase, and rare phosphate (Mittlefehldt,
1994). A few diogenites display high modal abundances of
olivine (harzburgites) and were seen as possible mantle
lithologies (Sack et al., 1991). It is now widely accepted that
all these rocks, including the “harzburgitic diogenites”
(Beck and McSween, 2010), are cumulates but the exact
compositions of their parental melts are still not well
constrained (Mittlefehldt, 1994, 2000; Fowler et al., 1995;
Barrat, 2004; Barrat et al., 2008; Shearer et al., 2010). We
investigated the trace element geochemistry of diogenites
because these lithologies provide an important record of
the magmatic history of their parent body. They present
the biggest challenge to existing models for the magma gen-
esis and the structure of Vesta, which are at present largely
based on the data obtained on eucritic lithologies. Cur-
rently there is little agreement about the genetic links and
the relative chronology between eucrites and diogenites. It
has been proposed that they formed during the cooling of
a global magma ocean (Righter and Drake, 1997; Ruzicka
et al., 1997; Warren, 1997). Alternatively, these rocks are
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not necessarily cogenetic (Mittlefehldt, 1994; Fowler et al.,
1995). The parental melts of diogenites could have been
produced by remelting of ultramafic cumulates previously
crystallized in the magma ocean (Barrat, 2004; Barrat
et al., 2008).

Here, we report new trace element abundances for a
large set of diogenites, which show that the parental mag-
mas of many of them have been contaminated by liquids
produced by remelting of the eucritic crust. This demon-
strates that diogenites formed after eucrites, and should
be emplaced within the eucritic crust of Vesta rather than
forming a lower layer as commonly thought.

2. SAMPLES AND METHODS

We analyzed samples from 33 different diogenites during
the course of the study: Bilanga, Johnstown, Roda, Shalka,
Tatahouine (fall), Dhofar (Dho) 700, Northwest Africa
(NWA) 1461, NWA 1877, NWA 2629, NWA 3143, NWA
4223, NWA 4272, NWA 4664, NWA 5480, NWA 5613,
Allan Hills (ALHA) 77256, Asuka (A-) 87147, A-880785,
A-880946, A-881377, A-881526, A-881548, A-881838,
A-881839, A-881944, Grosvenor Mountains (GRO) 95555,
Meteorite Hills (MET) 00422, MET 00424, MET 00425,
MET 00436, Miller Range (MIL) 07001, MIL 07003, Yama-
to (Y-) 74013 and Y-74097. The source of the samples and
their main petrographical features are summarized in
Table 1.

The major-element compositions of the orthopyroxenes
were determined by electron microprobe analysis using a
JEOL JXA8200 at National Institute of Polar Research,
Tokyo, or a Cameca SX100 at Ifremer, Plouzané. All anal-
yses used wavelength dispersive spectrometers at 15kV
accelerating voltage, 10-30 nA beam current. Minerals
and metal standards were used for calibration.

Powders, prepared using a boron-carbide mortar and
pestle, were leached in 6 M HCI (130 °C, 30-40 min). Resi-
dues (rinsed five times in ultrapure water) and unleached
powders were completely dissolved using the procedure de-
scribed by Barrat et al. (2008). Elemental abundances were
determined using a high-resolution inductively coupled plas-
ma-mass spectrometer Thermo Element 2 at Institut Uni-
versitaire Européen de la Mer (IUEM), Plouzané. Results
on international standards have been repeatedly reported
previously (Barrat et al., 2007, 2008; Barrat and Bollinger,
2010). Based on standards and many sample duplicates,
the 1o analytical uncertainties for abundances and trace ele-
ment ratios (e.g., Eu/Eu*, where Eu* is the expected Eu con-
centration for a smooth Cl-normalized REE pattern, such
that Eu; = (Sm, x Gdn)l/ 2) are in most cases much better
than 3%. The results are given in Table 2, along with data
obtained previously on some unleached powders (Bilanga,
A-881526, A-881548), and three additional residues (Dho
700, NWA 4215 and A-881839,22) which were obtained
using comparable procedures (Barrat et al., 2006, 2008).

One of the samples (MET 00424) displays light REE
abundances which are too low to be accurately estimated
using this procedure. Consequently we have separated the
REEs from approximately 100 mg of sample and concen-
trated the REEs in approximately 3 ml, using a simple

ion-exchange chromatography procedure (Barrat et al.,
1996). The accuracies are estimated to be better than 20%
for La, Ce and Pr, better than 10% for Sm and Nd, and bet-
ter than 5% for the other REEs, except Eu whose concen-
trations are indicative.

Finally, we have tried to determine the trace element
abundances of the sparse plagioclase grains in Dhofar 700
by laser-ICP-MS (Barrat et al., 2009). Most of the crystals
were too small or too thin to be correctly analyzed but we
obtained a single analysis with acceptable statistics (<10%),
which is given in Table 2.

3. RESULTS AND DISCUSSION
3.1. Why leach the powders?

Most of the available trace element data on diogenites to
date have been previously obtained on bulk rock aliquots
(Fukuoka et al., 1977; Mittlefehldt, 1994, 2000; Barrat
et al., 2008). The interpretation of these analyses is difficult.
At first glance, it can be assumed that the compositions of
these fractions match satisfactorily those of the orthopyrox-
ene crystals. Unfortunately, the trace element abundances
are often hampered by minute amounts of minor phases
such as metal and sulfides for siderophile or chalcophile ele-
ments, or phosphates for rare earth elements (REE) and Sr.
Furthermore, a large number of diogenites are finds from
hot deserts or Antarctica. These meteorites have suffered
terrestrial weathering and contain secondary phases, whose
contribution to the trace element budget can be significant
(Barrat et al., 1999, 2006, 2008). These drawbacks could in
principle be overcome by using, for example, ion-probe
analyses of orthopyroxenes. Unfortunately, the abundances
of many incompatible elements of interest are often very
low (e.g., Eu generally much less than 10 ng/g) and difficult
to determine with appropriate accuracies using in-situ ana-
lytical procedures (e.g., Fowler et al., 1995). However,
phosphates, and most of the secondary phases (e.g., rust,
carbonates, ...) are easily removed from a diogenite pow-
der using, for example, hot hydrochloric acid, leaving a res-
idue essentially made of orthopyroxene. Thus, some trace
element abundances or ratios (e.g., Sr, REE, Eu/Eu*) of
orthopyroxenes can be deduced from those of the residues
after leaching (e.g., Barrat et al., 2008). As an example,
we have analyzed a large orthopyroxene clast prepared
from the Johnstown diogenite. Johnstown has been exten-
sively analyzed previously (Floran et al., 1981; Mittlefehldt,
1994; Barrat et al.,, 2008), and the REE abundances
obtained on numerous bulk fractions are extremely vari-
able. Some of the fractions display a marked light REE
enrichment which has been previously ascribed to the
involvement of a light REE component, possibly a trapped
melt (Floran et al., 1981) or more likely a phosphate phase.
A fraction of the powder (about 140 mg) was successively
leached in 2 M HCI (50 °C, 30 min), and subsequently in
6 N HCI (130 °C, 30 min). The first HCI fraction contained
detectable amounts of P, which indicated that a phosphate
phase has been leached. Its trace element abundances
(Table 2) have been calculated from the composition of
the HCI fraction assuming a P,Os concentration fixed to
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Table 1

Details of meteorites studied (D, diogenite; Ol D, olivine diogenite). FeO/MgO (wt% / wt%) ratios from this study except M (Mittlefehldt,
1994), D (Domanik et al., 2004), B (Barrat et al., 2008), and S (Shearer et al., 2010).

Source Type FeO/MgO Comment
Falls Bulk rock Orthopyroxene
Tatahouine MNHN D 0.53 Large opx crystal—two subsamples
Johnstown AMNH D 0.57™ Large opx clast
Shalka J.A. Barrat D 0.59M Opx fraction
Bilanga A. Carion/J.A. Barrat D 0.45P Same powder as Barrat (2004) and a large opx crystal
Roda MNHN Ol D 0.61M Two samples (bulk and opx fraction)
Hot-desert finds
Dhofar 700 J.A. Barrat D 0.84 Unbrecciated, unequilibrated
NWA 1461 ROM D 0.30
NWA 1877 J.A. Barrat D 0.55
NWA 2629 J.A. Barrat D Paired with NWA 1877
NWA 3143 J.A. Barrat D 0.64
NWA 4215 ENSL D 0.678 Unbrecciated, unequilibrated, data from Barrat et al. (2006)
NWA 4223 J.A. Barrat Ol D 0.62 Unbrecciated, opx rich fragment
NWA 4272 M. Franco D 0.548 Same powder as Barrat et al. (2008)
NWA 4664 J.A. Barrat D
NWA 5480 J.A. Barrat Ol D 0.59 Unbrecciated, opx rich fragment
NWA 5613 UBO D 0.71
Antarctic finds
ALHA 77256,65 MWG Ol D 0.58
A-87147,21 NIPR D 0.59
A-880785,56 NIPR D 0.62
A-880936,22 NIPR D 0.61
A-881377,62 NIPR D 0.59
A-881526,56 NIPR D 0.598 Same powder as Barrat et al. (2008)
A-881548,23 NIPR OlD 0.60® Same powder as Barrat et al. (2008)
A-881838,31 NIPR D 0.75
A-881839,22 NIPR D 0.79® Data from Barrat et al. (2008)
A-881944,61 NIPR D
GRO 95555,39 MWG D 0.55 Unbrecciated
MET 00422,14 MWG D 0.698
MET 0042424 MWG D 0.74%
MET 00425,16 MWG D  037°
MET 00436,31 MWG D 0.90®
MIL 07001,10 MWG Ol D 0.55 Unbrecciated
MIL 07003,9 MWG D 0.98
Y-74013,121 NIPR D 0.65
Y-74097,56 NIPR D 0.60

Abbreviations: AMNH, American Museum of Natural History, New York; MWG, NASA Meteorite Working Group; MNHN, Muséum
National d’Histoire Naturelle, Paris; NIPR, National Institute of Polar Research, Tokyo; ROM, Royal Ontario Museum; UBO, Université de

Bretagne Occidentale.

42 wt%. Unsurprisingly, the calculated phosphate is REE-
rich (Table 2), and displays a marked light REE enrichment
(Fig. 1). The residue is light REE depleted as expected for a
pure orthopyroxene fraction (Fig. 1). The trace element
content of the unleached powder is well accounted for by
a mixture of 99.994 wt% residue and only 0.006 wt% phos-
phate. Hence, traces of phosphates explain the spread of
light REE abundances of the unleached samples.

The involvement of phosphates has been checked in all
the diogenites from Antarctica we have analyzed. The com-
parison of the REE ratios of the residues and the unleached
powder demonstrate that such phases occur in many diog-
enites. The P contents of the residues were always negligible
(much less than 5 pg/g in most cases) demonstrating the
efficiency of our leaching procedure. The residues are gener-

ally much more light REE depleted than the unleached
powders (Fig. 2). In many cases, the residues display a neg-
ative Eu anomaly much more pronounced than the unle-
ached powder and such an effect is well explained by the
traces of phosphate in the samples. Notice that the occur-
rence of phosphate has virtually no effect on the heavy
REE abundances or ratios (Table 2 and Fig. 2).
Diogenites found in hot deserts often contain secondary
minerals such as carbonates, rust and sometimes minor
amounts of sulfates. Despite the leaching step, many resi-
dues obtained from hot-desert diogenites still display high
Ba and Sr abundances. We ascribe these high concentra-
tions to sulfates (barite, gypsum), which were not dissolved.
The impact of these phases on the REEs is uncertain. As we
will see below, the REE abundances of the residues



Table 2
Trace element abundances (in ng/g, except *, in pg/g) in unleached fractions (U) and residues after leaching (R) of diogenites.

Sr Y Zr Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu Hf Eu/Eu*
Falls
Tatahouine-R1 22 209 112 4 1.52 3.92 0.61 3.64 2.16 0.28 8.26 2.37 25.2 799 33.8 64.3 124 5.5 0.20
Tatahouine-R2 17 236 91 - 1.17 3.24 0.54 3.24 2.14 0.25 7.32 2.28 24.4 791 34 62.9 12.4 4.5 0.20
Johnstown-opx-U 1002 1774 3617 4260 142 386 58.7 299 107 9.62 170 34.2 255 62 197 233 384 88 0.22
Johnstown-opx-R 166 1676 3293 1732 224 129 30.8 203 89 3.37 154 31.4 239 58.7 189 227 373 82.7 0.09
Johnstown-phosph. 6929*%  1658*  698* 3104*  2199%  4839*  546* 1969*  325% 37.7% 324* 47.7%  263* 53.1% 134*  113* 15.2*%  11.4* 0.36
Shalka-R 143 154 214 33 7.65 20.3 3.12 16.5 5.85 1.16 8.95 2.01 18.1 5.16  19.69 338 6.45 3.9 0.49
Bilanga-U 951 994 715 210 11.3 48.7 10.1 69.3 42.6 4.15 74.6 17.8 145 37.1 119 129 21.1 24.7 0.23
Bilanga-R1 110 929 537 61 4.54 23.1 5.66 43.2 29.6 1.76 67.8 15.8 126 319 107 127 20.3 20.9 0.12
Bilanga-R2 92 890 555 53 3.85 20.8 4.98 40.2 28 1.56 61.8 14.8 122 30.8 103 123 20.1 21.3 0.11
Bilanga-opx-R 130 948 800 75 7.18 29.5 6.58 47.1 31.8 2.37 67.2 15.7 125 31.6 104 123 20 25.3 0.16
Roda-opx-R 147 2155 4931 322 20.2 133 354 239 115 4.07 193 41.1 305 749 239 282 46 128.9 0.08
Roda-R 539 1954 3219 357 36 148 32.8 212 99.3 6.7 173 36.1 273 66.2 218 261 424 95.8 0.16
Hot-desert finds
Dho 700A-R1 170 907 283 85 2.75 12.7 2.34 18.9 17.1 0.84 47.1 12.9 116 32.1 108 126 19.84 139 0.09
Dho 700A-R2 360 910 330 120 4.7 25 32 21.5 17.5 1.1 47.2 13.1 116 31.3 107 127 20.2 15 0.12
Dho 700B-R1 5150 920 300 1080 77.2 380 23.5 23.9 18 1.1 48 13.7 119 325 111 128 19.7 16 0.11
Dho 700B-R2 2010 920 290 450 16 161.3 9.8 224 18.5 0.9 47.2 13.8 122 324 111 127 19.9 16 0.09
Dho 700C-R 148 784 803 193 7.78 21.6 3.54 21.1 14.2 0.99 35.9 10.1 94.8 26.1 922 116 18.94 139 0.13
Dho 700C-plagio.  101* 381 11.6* 449 841 112 398 85 418 94 78 18 14.3
NWA 1461-R 1031 300 907 567 68.2 181 27.1 134 394 10.6 46.2 791 50.2 10.6 30.8 329 5.03 245 0.76
NWA 1877A-R 310 193 538 347 339 70.9 9.38 45 14.5 2.13 20.3 3.72 27.5 623 212 34.7 6.8 14.8 0.38
NWA 1877B-R 388 196 925 872 70.5 134 159 63.5 154 2.98 20 3.38 24.6 621 21.5 33.2 6.5 16.9 0.52
NWA 1877C-R 670 315 1557 2142 98.2 186 22 88.2 21.6 4.67 30.7 5.45 40.6 10 34.1 49.5 9.3 32.3 0.55
NWA 2629-R 328 237 784 394 42.7 86.6 11.8 54.8 18 2.94 23.7 4.37 329 7.74  26.3 39.1 733 142 0.44
NWA 3143-R 286 3347 5040 372 67.2 288 60.3 364 164 5.4 311 62.6 469 110 343 372 58 138 0.07
NWA 4215-R 1243 819 221 3190 10.4 26.4 3.8 21.1 134 3.12 35.7 9.85 99.7 28.4 106 147 26.2 10.5 0.44
NWA 4223-R 579 1296 1637 12487 21.9 70.3 13.2 86.5 474 5.59 93.2 21.5 172 433 144 178 29.7 51.2 0.26
NWA 4272-U 2362 2731 3552 1753 131 423 71.1 395 158 17.8 245 52.7 403 98.9 307 326 52.5 108 0.28
NWA 4272-R 400 2623 4384 319 82.5 306 59.6 360 155 444 258 52.0 381 91.0 287 322 52.8 126 0.07
NWA 4664-R1 3703 2756 7077 15093 125 381 70.4 422 184 25.9 302 59.9 418 96.6 298 313 48.1 198 0.34
NWA 4664-R2 3033 2027 4474 21146 78.3 275 51.7 313 133 15.9 204 40.4 296 69.6 212 225 343 114 0.3
NWA 5480-R 36 224 283 84 2.82 6.24 0.73 2.8 1.56 0.19 4.96 1.79 21.3 7.09 30.8 554 10.6 2.3 0.21
NWA 5613-R 190 3297 8275 576 104 353 70.8 444 202 341 329 67.4 499 117 371 408 654 226 0.04
Antarctican finds
ALHA 77256,65-U 297 1744 2223 127 95.6 276 422 216 81.8 5.88 140 30.2 238 60.5 195 229 37.7 67.5 0.17
ALHA 77256,65-R 256 1694 1961 65 76.7 237 37.7 198 75.8 5.67 132 29.1 231 58.6 193 227 374 61.9 0.17
A-87147,21-U 813 1527 1853 565 64.1 165 28.3 164 68.7 998 125 26.9 211 526 175 219 353 59.0 0.33
A-87147,21-R 736 1496 1907 604 52.2 158 30.2 176 70.1 9.81 123 26.8 205 522 173 213 34.6 60.3 0.32

(continued on next page)
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Table 2 (continued)

Sr Y Zr Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu Hf Eu/Eu*
A-880785,56-U 644 468 324 427 14.4 33.0 4.76 25.9 12.3 2.11 25.5 6.54 57.0 15.9 56.3 83.7 14.4 11.8 0.36
A-880785,56-R 145 463 293 69 3.87 13.5 2.84 18.3 10.6 1.89 23.9 6.19 56.3 15.7 57.6 85.5 14.6 10.9 0.36
A-880936,22-U 295 389 247 138 8.16 22.0 3.35 18.5 9.44 1.88 21.3 5.34 47.8 13.2 48.1 71.9 12.7 8.9 0.4
A-880936,22-R 136 395 245 46 32 12.5 2.32 15.9 9.43 1.75 21.8 5.48 48.3 134 48.9 72.9 13.2 9.4 0.37
A-881377,62-U 3256 1420 2083 1122 101 254 39.3 202 75.5 23.2 122 254 197 49.3 165 210 359 65.6 0.74
A-881377,62-R 332 1390 2224 462 339 141 27.5 167 69.9 8.72 119 25.0 191 479 158 201 33.7 70.1 0.29
A-881526,56-U 514 1329 1069 22 27.9 81.9 13.8 88.0 50.0 8.40 93.2 224 184 48.5 162 212 35.6 40.1 0.38
A-881526,56-R 461 1420 1078 13 27.2 76.7 14.1 88.6 49.5 8.42 106 24.3 193 49.6 166 209 35.0 37.9 0.35
A-881548,23-U 441 1681 1793 374 60.5 277 57.3 347 131 7.75 171 34.6 253 61.2 191 217 353 442 0.16
A-881548,23-R 384 1897 1877 141 49.2 257 57.8 352 135 8.27 195 38.8 276 64.5 203 228 36.0 45.0 0.16
A-881838,31-U 4703 3100 7796 3161 488 1297 185 905 274 48.1 372 67.9 473 107 326 348 54.8 209 0.46
A-881838,31-R 274 2589 6871 512 77.8 302 63.9 396 171 5.13 262 52.4 385 91.5 288 320 50.7 194 0.07
A-881839,22-U 4676 2981 6961 2256 368 977 151 793 265 43.5 348 65.5 459 108 330 347 551 192 0.44
A-881839,22-R 646 2564 6898 650 86.1 303 60.6 405 179 8.83 269 553 404 97.9 313 337 54.6 198 0.12
A-881944,61-U 2348 2341 3842 1462 143 397 69.0 376 142 21.4 221 45.0 335 81.5 258 304 48.3 107 0.37
A-881944,61-R 193 2150 3635 349 70.7 262 50.9 299 124 4.24 200 41.5 309 74.9 243 285 454 108 0.08
GRO 95555,39-U 341 514 431 67 16.1 54.8 8.79 50.8 20.1 4.56 359 8.24 65.7 17.6 62.5 88.9 15.0 12.9 0.52
GRO 95555,39-R 248 492 359 8 10.5 39.5 6.88 40.0 17.8 3.66 31.9 7.52 61.7 16.7 60.3 85.8 15.0 11.1 0.47
MET 00422,14-U 115 224 95 69 5.67 13.9 2.00 10.6 5.01 1.04 9.46 293 26.5 7.39  28.0 42.0 7.80 3.5 0.46
MET 00422,14-R 82 210 84 37 4.28 11.6 1.71 8.9 4.20 1.10 9.94 2.63 242 7.03  26.1 40.8 7.30 3.1 0.52
MET 00424,24-U 9.7 380 12 7 0.47 0.89 0.082 0.33 0.069 0.025 0.094 0.018 0.18 0.10 0.86 5.01 1.39 0.3 0.95
MET 00424,24-R 33 297 19 3 0.20 0.42 0.040 0.17 0.036 <0.02 0.045 0.0093 0.14 0.10 0.88 4.95 1.36 0.5 <15
MET 00425,16-U 325 457 792 534 23.5 95 133 73.7 26.7 4.29 42.0 8.41 62.2 15.9 52.1 67.1 10.7 20.9 0.39
MET 00425,16-R 316 372 801 212 20.4 74.3 13.7 78.5 29.4 3.95 41.6 7.80 54.5 12.9 41.4 SL1.S 8.60 21.7 0.34
MET 00436,31-U 297 165 358 96 10.6 31.8 5.58 34 13.2 2.49 20.3 3.80 26.0 5.8 16.8 20.6 3.60 10.1 0.47
MET 00436,31-R 314 163 259 37 5.99 21.7 4.39 28.5 11.7 2.44 19.5 3.64 253 573 173 21.0 3.59 8.5 0.49
MIL 07001,10-U 2379 840 1822 1069 60.6 177 27.1 141 51.4 16.9 86.6 16.7 121 29 929 114 18.8 47.0 0.78
MIL 07001,10-R 1868 902 1918 774 34.2 129 23.6 134 52.6 17.0 89.8 18.0 131 31.7 102 125 20.9 50.6 0.76
MIL 07003,9-U 11974 4860 6789 7301 281 758 125 708 283 104 484 96.7 714 171 541 595 93.7 202 0.86
MIL 07003,9-R 887 4540 6062 857 126 425 82.6 510 231 10.2 399 85.4 666 162 517 593 932 193 0.10
Y-74013,121A-U 286 359 290 73 8.92 24.3 3.97 233 10.6 2.98 19.7 4.77 41.5 11.8 44.6 72.5 13.2 9.1 0.63
Y-74013,121A-R 313 380 309 144 9.89 26.1 4.67 25.6 11.1 3.23 21.2 5.06 44.2 12.7 48.0 75.6 13.9 9.9 0.65
74013,121B-R 77 Y-315 201 11 4.80 15.0 2.64 15.2 7.61 1.39 16.3 3.85 36.7 10.8 40.9 66.4 12.5 7.4 0.38
Y-74097,56-U 273 381 294 43 8.05 22.6 3.84 22.5 10.8 3.10 21.6 5.13 44.9 13.0 47.5 74.0 13.7 9.7 0.62
Y-74097,56-R 132 397 325 19 7.14 21.4 3.83 229 11.1 2.27 22.8 5.39 47.7 13.5 49.2 76.8 13.9 10.7 0.44
Uncert. (1o) <3% <2% <% <2% <3% <3%  <3% <3%  <3% <3% <3% <3% <3% <3% <3% <3% <3% <5% <3%
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Fig. 1. REE patterns of the Johnstown diogenite (this work). The
field of literature results is shown for comparison (Floran et al.,
1981; Mittlefehldt, 1994). The reference chondrite is from Evensen
et al. (1978).

obtained from hot desert and Antarctica diogenites are gen-
erally similar. However, a few samples (Dhofar 700, NWA
1461, NWA 1877/2629, NWA 5480) display spurious light
REE enrichments (Figs. 3 and 4), which can be more likely
seen as the fingerprint of the terrestrial weathering (Barrat
et al., 1999, 2006, 2008).

Except for some weathered hot-desert samples, the REE
abundances of the residues are certainly indistinguishable
from those of the orthopyroxenes. A few percent of chro-
mite or olivine in these fractions have no effect on the shape
of the REE patterns because these phases display very low
REE abundances. Traces of plagioclase are not removed by
our procedure and could in principle explain a very limited
part of the range of the Eu/Eu* values obtained here. This
problem should not be overemphasized because plagioclase,
when present, is only a minor phase. It can account only for
a limited spread of the Eu/Eu* values in some cases (e.g.,
the Yamato-A diogenites), but certainly not for the striking
negative Eu anomalies which are the key arguments of our
study.

3.2. Groupings

Diogenites display a remarkable range of REE abun-
dances (Fukuoka et al., 1977; Mittlefehldt, 1994, 2000;
Barrat et al., 2008), and unsurprisingly, their orthopyrox-
enes (i.e., the residues) are no exceptions (Fowler et al.,
1995). The Yb abundances obtained here range for exam-
ple, from 5 to 593 ng/g. More importantly, diogenitic orth-
opyroxenes are characterized by an impressive range of
negative Eu anomalies (Eu/Eu* = 0.04-0.76, Fig. 1), and
heavy REE enrichments ((Dy/Lu), = 0.01-0.8). Neither
the REE abundances, nor the REE ratios (e.g., Dy/Lu,
Eu/Eu*) are correlated with major elements (not shown).
Before discussing the origin of the deep negative Eu anom-
alies and the range of the heavy REE enrichments shown by
the diogenitic orthopyroxenes, the REE abundances allow
us to group most of the samples analyzed here.
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Fig. 2. Comparison of the (La/Lu),, Eu/Eu*, and (Dy/Lu), ratios
in the residues and in the unleached powders.

3.2.1. Tatahouine group

Tatahouine and NWA 5480 display REE patterns with
the same heavy REE enrichments and Eu anomalies. The
similarities between the patterns of these two diogenites
are so striking (Fig. 4), that it can be suggested that they
certainly formed from similar parental melts, possibly from
the same magmatic body.

3.2.2. Yamato-A group
We have analyzed chips from Y-74013 and Y-74097,
two paired diogenites found during the seventies in the
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Fig. 3. REE patterns of the Dhofar 700, NWA 1877/2629 and
NWA 1461 diogenites (residues after leaching). The reference
chondrite is from Evensen et al. (1978). The 20 errors for the
analyses are equivalent to the size of the data points.

Yamato meteorite field (Takeda et al., 1981). The shape of
their REE patterns are similar (Fig. 4), except for the Eu
anomalies (Eu/Eu* = 0.38-0.65). These diogenites contain
traces of plagioclase which can explain these small varia-
tions. Furthermore, three additional diogenites (A-880785,
A-880936 and GRO 95555) display the same kind of REE
patterns and could belong to the same group of samples.

3.2.3. EETA 79002 group

It has been previously shown that a series of diogenites
from Antarctica (EETA 79002, A-881526, LAP 02216,
LAP 03569, LAP 03630, MET 00422, MIL 03368) displays
strikingly parallel REE patterns, and formed certainly from
very similar melts (Barrat et al., 2008). Two of these dioge-
nites have been reanalyzed here. The REE abundances in
the unleached fractions and the residues are identical and
confirm that these diogenites do not contain phosphate
(Table 2). Moreover, NWA 4223, an unbrecciated olivine
diogenite belongs to this group (Fig. 5).

3.2.4. MET 00436 group

MET 00425, MET 00436 and MIL 07001 orthopyrox-
enes display parallel REE patterns (Fig. 5). Notice that
the Eu anomalies are different for the three residues (Eu/
Eu* = 0.34-0.76).

3.2.5. Johnstown group
The orthopyroxenes from Johnstown, Bilanga, Roda,
A-881548 and Dhofar 700 (the least weathered fraction)

Tatahouine group
01F k
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[} ¢ Tatahouine R2
=
= O NWA 5480-R
©
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o
z 1 1 1 1 1 1 1 1 1 1 1 1 1 1
O
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m  A-880936,22-R
®  GRO 95555,39R
0 Y-74013,121AR
O Y-74013,121BR
0.01F A Y-74097,56-R |4

LaCePrNd SmEuGdTbDyHoEr YblLu
Fig. 4. REE patterns of the Tatahouine group and Yamato-A
group diogenites (residues after leaching). The REE pattern of
Shalka is shown for comparison. The reference chondrite is from

Evensen et al. (1978). The 20 errors for the new analyses are
equivalent to the size of the data points.

display REE patterns with very deep Eu anomalies
(Eu/Eu* = 0.08-0.16), and marked light REE depletions
((La/Sm), = 0.08-0.23) Fig. 6.

3.2.6. NWA 5613 group

The orthopyroxenes of the diogenites from this group
(NWA 3143, NWA 4272, NWA 5613, A-881838, A-
881839, A-881944, MIL 07003) display the same kind of
REE patterns as those of the Johnstown group with very
low Eu/Eu* values (Eu/Eu* = 0.04-0.12) but with less pro-
nounced light REE depletions ((La/Sm), = 0.26-0.36).

The REE patterns of the few others samples analyzed
during the course of the study cannot be classified in the
previous groups. The shapes of the REE patterns of
A-87147, A-88377 and NWA 4664 are like those of the
NWA 5613 group but the negative Eu anomalies are much
less pronounced (Fig. 7). ALHA 77256 (Fig. 7) and Shalka
(Fig. 4) cannot be grouped easily with other samples.
Notice that Shalka displays the same heavy REE enrich-
ment as the Yamato-A group pyroxenes but is not light
REE depleted (Fig. 4). Finally, MET 00424 is by far the
most unusual sample (Fig. 8). This diogenite displays extre-
mely low REE abundances and the most fractionated heavy
REE abundances. Unfortunately, the light REE concentra-
tions were too low to be correctly determined with previous
procedures. We have separated and concentrated the REEs
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Fig. 6. REE patterns of the Johnstown group and NWA 5613
group diogenites (residues after leaching). The reference chondrite
is from Evensen et al. (1978). The 2¢ errors for the new analyses are
equivalent to the size of the data points.
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Fig. 7. REE patterns of the ALHA 77256, NWA 4664, A-87147
and A-881377 diogenites (residues after leaching). The reference
chondrite is from Evensen et al. (1978). The 20 errors for the new
analyses are equivalent to the size of the data points.

from the solutions prepared with the unleached powder and
from the residue after leaching, and we have determined the
abundances of all the REEs. These new data confirm the re-
sults obtained previously by Mittlefehldt (2002) and Barrat
et al. (2008) (Fig. 8). Both fractions display the same kind
of pattern, i.e., with a strong heavy REE enrichment
((Gd/Lu),, = 0.004-0.008), very low middle REE abun-
dances (<107 x CI) and a marked light REE enrichment
((La/Sm), = 3.54.3). Although the Eu abundances we
have obtained are just indicative, it is certain that the two
analyzed fractions do not exhibit deep Eu anomalies. The
unleached fraction displays the same heavy REE abun-
dances as the residue, but about twice more light REEs.
The difference could be explained by the effect of traces of
terrestrial secondary phases (rust) in the unleached powder.
Moreover, these REE patterns cannot be explained by any
simple model. One may speculate that such U- or V-shape
patterns can result of interactions between a strongly heavy
REE enriched component (i.e., a pure orthopyroxenite)
with a light REE enriched component (i.e., an infiltrated
melt?), but this hypothesis cannot be discussed with this sin-
gle sample. It has been previously suggested that MET
00424 is paired with MET 00436 (Warren et al., 2009),
but REE abundances rule out this possibility.

3.3. Origin of the Eu anomalies
Several mechanisms may be considered to be responsible

for the observed range of Eu/Eu* values, and are discussed
below.
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Fig. 8. REE patterns of the MET 00424 diogenite (R, residue after
leaching; U, unleached powder). The analysis obtained previously
on an unleached sample (,16) is shown for comparison (Barrat
et al., 2008). The reference chondrite is from Evensen et al. (1978).

Firstly, diogenites contain occasionally sparse plagio-
clase grains, and this phase displays large positive Eu
anomalies (Mittlefehldt, 1994). Variable amounts of plagio-
clase in the analyzed fractions can potentially be the cause
of the range of Eu/Eu* values measured here: calculations
show that only 2 wt% of plagioclase are able to compensate
the deep negative Eu anomalies displayed by the orthopy-
roxenes in Dhofar 700 (Fig. 9). Although traces of plagio-
clase could explain the limited spread of values obtained
for some plagioclase-bearing diogenites (the Yamato-type
A ones for example), this explanation cannot account for
the full range of Eu/Eu* values. Most of the analyzed frac-
tions, some displaying among the lowest Eu/Eu* values
(e.g., NWA 5613, orthopyroxene fractions from Johnstown
or Roda) and others displaying the highest ones (e.g., Shal-
ka, MIL 07001, NWA 1461), were totally devoid of
plagioclase.

The immediate question that must be addressed, is
whether or not the orthopyroxenes in diogenites preserve
some of the pristine magmatic features of their trace ele-
ment abundances. The involvement of a small amount of
trapped melt and subsolidus reequilibration between ortho-
pyroxene and the interstitial phases can modify the concen-
trations of incompatible elements of the orthopyroxenes
severely during the cooling of diogenites (Treiman, 1996;
Barrat, 2004). The Eu/Eu* ratios are sensitive to these pro-
cesses. In the absence of plagioclase, the involvement of a
few percent of trapped melt can increase the Eu/Eu* ratio
of the orthopyroxene, and could explain some of our results
(MIL 07001, NWA 1461). If plagioclase is an interstitial
phase, the opposite effect is expected. However, this effect
cannot account for the lowest Eu/Eu* values shown by
the diogenitic orthopyroxenes because plagioclase is at best
a minor phase in all the diogenites we have analyzed, and is
not abundant enough to have a significant effect on the
Eu/Eu* values of the orthopyroxenes. Moreover, the
orthopyroxenes in Dhofar 700, an unbrecciated diogenite
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Fig. 9. The effects of traces of plagioclase in a diogenite split. The
calculations were made using orthopyroxene (Ce was interpolated
between La and Pr because of terrestrial weathering) and plagio-
clase from Dhofar 700. The deep negative Eu anomaly of the
pyroxene is totally masked with only 2% of plagioclase. The
reference chondrite is from Evensen et al. (1978).

containing minor interstitial plagioclase, and whose Eu/
Eu* ratios (=0.09-0.13) are among the lowest measured,
still display pristine zoning for major elements. Thus, the
very low negative Eu anomalies shown by the diogenitic
orthopyroxenes are not generated by subsolidus processes,
and are more likely a pristine feature.

The behavior of Eu during the crystallization of low-Ca
pyroxene is strongly dependant on the fO,, and is decou-
pled from Sm and Gd, its neighboring REEs, in reducing
conditions (Schwandt and McKay, 1998; McCanta et al.,
2004). Thus, the wide range of Eu anomalies displayed by
the diogenitic orthopyroxenes could be explained by a
diversity of redox states during the crystallization of the
diogenitic systems. However, the striking correlation be-
tween the Sr/Eu* ratios, which are insensitive to the redox
state (McKay et al., 1994), and the Eu/Eu* ratios, rules out
this possibility (Fig. 10).

Furthermore, the correlation between the Sr/Eu* and
Eu/Eu* ratios could be the fingerprint of the involvement
of plagioclase during the genesis of the parental melts of
diogenites. Two scenarios can be proposed. Firstly, low
Eu/Eu* and Sr/Eu* ratios in a melt can be achieved by
the removal of large amounts of plagioclase. Secondly,
melts displaying low Sr/Eu* and Eu/Eu* ratios can be pro-
duced by partial melting of a plagioclase-bearing ultramafic
source while plagioclase is a residual phase. In both cases,
these processes are inappropriate here. Plagioclase is clearly
not an early crystallizing phase in the diogenitic melts
(e.g., Mittlefehldt, 1994; Bowman et al., 1999; Beck and
McSween, 2010). Consequently, the parental melts of the
diogenites were certainly not in equilibrium with a plagio-
clase-bearing source. For the same reason, the crystalliza-
tion of large amounts of plagioclase before orthopyroxene
from these melts is just not possible.
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20 errors are equivalent to the size of the data points.

Diogenites crystallized probably at the same fO, condi-
tions as eucrites, close to the iron—wiistite buffer down to 1
log-unit below it (Stolper, 1977, Hewins and Ulmer, 1984).
Under these conditions, a melt with no Eu anomaly is in
equilibrium with a low-Ca pyroxene with a Eu/Eu* ratio
close to 0.2-0.4 (Schwandt and McKay, 1998; McCanta
et al., 2004). Therefore, the very large negative Eu anoma-
lies exhibited by some diogenitic orthopyroxenes suggest

6227

that they formed from melts displaying extremely low Eu/
Eu* ratios, as low as 0.1-0.2. How can the parental melts
of some diogenites achieve such deep negative Eu anomalies
without the direct involvement of plagioclase? The only
plausible solution to this question is that these melts have
been contaminated by component(s) displaying an extre-
mely large negative Eu anomaly. Such components could
have been easily generated on Vesta (Barrat et al., 2007,
Yamaguchi et al., 2009). Melts displaying very high REE
abundances, very low Eu/Eu* and low Sr/Eu* ratios, have
probably been produced by low degrees of melting of the
eucritic crust (Figs. 10 and 11). The intrusion of hot diogen-
itic parental melts into the eucritic crust could have in-
creased the temperatures of the country rocks above their
solidus, resulting in a localized partial melting of the crust.

The modeling of the contamination of the parental melts
of diogenites by a crustal partial melt is not a trivial task.
Firstly, the trace element abundances of diogenites indicate
a diversity of their parental melts, whose compositions are
still a matter of debate. If our hypothesis is correct, the
uncontaminated or the least contaminated parental melts
of diogenites should display among the lowest trace element
abundances. For the calculation purposes, we have chosen
the parental melts of Tatahouine and Y-74097 whose REE
abundances are low. We estimate their trace element abun-
dances from the partition coefficients obtained by Schwandt
and McKay (1998). Notice that parental melts of diogenites
with much lower REE abundances have been generated
(e.g., the melt in equilibrium with MET 00424). Secondly,
the eucritic crust is certainly heterogeneous and is made
of a variety of flows and intrusions (from Mg-rich cumulate
eucrite to Nuevo Laredo and Stannern trend eucrites), dis-
playing a wide range of REE and other trace element abun-
dances. Thus, the melts possibly generated during the
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Fig. 11. REE patterns of calculated magmas derived by modal partial melting of two typical noncumulate eucrites. The reference chondrite is
from Evensen et al. (1978). Because the compositions of melts generated by the melting of a eucrite have not yet been determined
experimentally, we estimated their trace element abundances theoretically using the same model and parameters as Barrat et al. (2007). We
used the compositions of Juvinas and Nuevo Laredo, and estimated the compositions of the melts after 1%, 5% and 10% of partial melting. In
reality, the melting of a eucrite would be more complex than is considered by this model. The involvement of REE-rich accessory phases such
as phosphates would certainly be significant at very low degrees of melting, and melts with higher REE abundances but similar Eu and Sr
anomalies are expected. However, these calculations should give a realistic picture of the REE abundances of these partial melts, and
demonstrate that they are characterized by very high REE abundances and huge negative Eu and Sr anomalies.
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Fig. 12. Eu/Eu* and (Dy/Lu), vs. Sm plot for diogenites. The
mixing curves correspond to the composition of the orthopyrox-
enes in equilibrium respectively with the parental melts of the
Tatahouine (T) and Yamato-74097 (Y) diogenites contaminated
with a crustal partial melt. The parental melts of the diogenites
were estimated from the REE abundances of the residues and
orthopyroxene partition coefficients (Schwandt and McKay, 1998).
A magma obtained after 2% of melting of the Juvinas eucrite has
been chosen as contaminant. In addition to the contamination of
the parental magmas of diogenites by crustal partial melts,
fractional crystallization explains part of the spread of data. The
20 errors are equivalent to the size of the data points.

melting of the eucritic crust displayed certainly a wide range
of REE abundances, as exemplified in Fig. 10. We have
used the same parameters as Barrat et al. (2007) for the
melting model (Barrat et al., 2007, pp. 4118-4119), and a
magma obtained after 2% of partial melting of the Juvinas
eucrite has been used for the calculations. However, be-
cause phosphates are the main carriers of REE in eucrites
(Delaney et al., 1984; Hsu and Crozaz, 1996), and are
among the first phases involved during the partial melting
(Yamaguchi and Mikouchi, 2005), magmas generated by
very low degree of partial melting (less than 5%) have prob-
ably much higher light REE abundances and possibly even
lower negative Eu anomalies than the compositions esti-
mated from simple partial melting calculations. Simple mix-
ing calculations indicate that it is possible to produce
orthopyroxenes with very low Eu/Eu* ratios from a diogen-
itic parental melt if the latter has assimilated less than 10%

of such crustal partial melts (Fig. 12). Despite the uncer-
tainties due to the lack of knowledge of the parental melts
of the diogenites, the uncertainties about the composition
of the assimilated melts, and the partition coefficients, the
low levels of contamination suggested by the calculations
indicate that it is a viable mechanism for producing the
range of the Eu/Eu* values of the diogenitic orthopyrox-
enes. More complex models of contamination processes,
such as combination of assimilation of a contaminant by
the melt and fractional crystallization (e.g., DePaolo,
1981) do not alter this conclusion.

Furthermore, diogenites display an exceptional range of
heavy REE enrichments with (Dy/Lu), ratios from values
close to 0.02-1. Interestingly, the (Dy/Lu), ratios are corre-
lated with the Sm abundances (Fig. 12) and such correla-
tion could be at least partly explained by the
contamination of the parental melts of diogenites by the
crustal partial melts. Our calculations suggest that the con-
tamination hypothesis can satisfactorily explain a signifi-
cant part of the trend but fails to account for the whole
range of the values. We suspect that the (Dy/Lu) ratios of
the crustal partial melts are not satisfactorily estimated by
the model (phosphate effect for low degrees of melting?).
Experimental work is needed to estimate more precisely
the compositions of the melts formed during the melting
of a eucrite.

4. CONCLUSIONS

The very low Eu/Eu* values displayed by some dioge-
nites and their orthopyroxenes are best explained by the
contamination of their parental magmas by melts derived
from the eucritic crust. This conclusion has profound impli-
cations for our understanding of the magmatic history and
the structure of the crust of Vesta. Firstly, geochronological
studies have demonstrated that diogenites are ancient
rocks, but the uncertainties on the crystallization ages do
not allow a relative chronology with the eucrites (Lugmair
and Shukolyukov, 1998). Although diogenites cannot be
dated precisely, our results imply that they formed contem-
poraneously to, or more likely, after eucrites. Secondly, it is
generally believed that Vesta displays a well stratified struc-
ture, with the upper part composed, from the top to the
bottom, of a variety of eucrites, progressively more meta-
morphosed with depth, followed by diogenites which are
seen as the deepest samples yet available of the body
(Takeda, 1979). This view has been strengthened by models
of crystallization of a global magma ocean (Righter and
Drake, 1997; Ruzicka et al., 1997) which satisfactorily
explain the short duration of eucritic magmatism (e.g.,
Lugmair and Shukolyuokov, 1998; Bizzaro et al., 2005;
Misawa et al., 2005), the low siderophile trace element
abundances of the eucrites (Righter and Drake, 1997),
and the homogeneity of the A'7O values of the HED lithol-
ogies (Greenwood et al., 2005; Scott et al., 2009). A global
diogenitic layer localized below the eucritic crust is assumed
by these models (Fig. 13A). Although the vast majority of
the known diogenites certainly formed at depth, a few sam-
ples (e.g., Garland (Fowler et al., 1994), Dho 700, NWA
4215) display zoned pyroxenes which indicate that they
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Diogenitic Layer

Eucritic
Crust

Magma Ocean Cumulates

Volcanism ?

Diogenitic Intrusions

Fig. 13. Models of the crust of Vesta. Two hypothetical impact craters are shown: a large one with a central peak, and a smaller one. The
vertical and horizontal scales are arbitrary. It is often assumed that the crust of Vesta is layered (e.g., Takeda, 1979). Following this view, the
upper part is composed of various types of eucrites and covers a thick layer of diogenites which is exposed on the floor of the deepest impact
craters (A). Our data demonstrate that the parental melts of diogenites have been contaminated by crustal partial melts and such a
contamination implies that they have intruded the eucritic crust (B). Thus, exposures of diogenites are probably not limited to the largest
impact craters, but could be found in less deep craters. Lavas associated with the diogenitic magmatism could have been locally erupted.

cooled much faster than other diogenites, and formed more
likely within shallow intrusions (Barrat et al., 2006). There-
fore, these petrological considerations and the chemical
constraints presented here show that the parental melts of
diogenites have intruded the eucritic crust, pointing to a
different picture of the structure of the Vestan crust
(Fig. 13B). At present, the available Hubble Space Tele-
scope images have clearly demonstrated that the surface
of Vesta is highly impacted. The largest impact craters
could have exposed deep crustal areas, especially in the
southern hemisphere where a huge impact basin, 460 km
in diameter, has been described (Thomas et al., 1997).
The available geological models deduced from these images
are too uncertain to constrain the structure of the crust
(Binzel et al., 1997; Li et al., 2010). The planned remote
sensing studies that will be undertaken next year by the
Dawn spacecraft are necessary to describe the various crus-
tal units exposed by the craters (Russell et al., 2007). The
geochemistry of HED meteorites thus may provide a frame-
work to better understand the observations of the Dawn
mission.
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