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Abstract Howardite-eucrite-diogenite (HED) meteorites, thought to be derived from 4
i}égta, provide the best sampling available for any differentiated asteroid. However, devi-
s in oxygen isotopic composition from a common mass-fractionation line suggest that
ew eucrite-like meteorites are from other bodies, or that Vesta was not completely homog-
ized during differentiation. The petrology and geochemistry of HEDs provide insights into
ous processes that produced a crust composed of basalts, gabbros, and ultramafic cumu-
e rocks. Although most HED magmas were fractionated, it is unresolved whether some
: ile‘s may have been primary melts. The geochemistry of HEDs indicates that bulk Vesta
i§ depleted in volatile elements and is relatively reduced, but has chondritic refractory ele-
@Eﬁr“pundances. The compositions of HEDs may favor a magma ocean model, but incon-
ies remain. Geochronology indicates that Vesta accreted and differentiated within the
ral million years of solar system history, that magmatism continued over a span of
r, and that its thermal history extended for perhaps 100 Myr. The protracted cooling
probably responsible for thermal metamorphism of most HEDs. Impact chronol-
cates that Vesta experienced many significant collisions, including during the late
bombardment. The age of the huge south pole crater is controversial, but it probably
stoids and many HEDs. Continued impacts produced a regolith composed of eu-
d diogenite fragments containing only minor exotic materials. HED meteorites serve
und truth for orbital spectroscopic and chemical analyses by the Dawn spacecraft, and
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their properties are critical for instrument calibration and interpretation of Vesta’s geologic Fig. 1 Oxygen isotopic
history. composmons, expressed as Al70 (per m")
A170, for HED meteorites. Open -0{3. o I'OI-ZI __ O 0 0.1
Keywords Meteorites - Vesta - Asteroid - Eucrite - Diogenite - Howardite i’;;ii‘;f;iedzzv';f:g?ﬁie) e o AR
from Wiechert et al. (2004), and 8 Howardites
solid circles and the lefi-hand
1 HED Connections to Vesta vertical line are from Greenwood 1
et al. (2003). The names of ® Pasamonts
1.1 Spectra and Orbital Dynamics .1 ﬁzg:{ﬂy&:m} il‘;”s
4 Vesta has been described as the smallest terrestrial planet (Keil 2002)—the only known J' .ﬁ A-as.1394
intact asteroid inferred to have a metallic core, an ultramafic mantle, and a basaltic crust, {O
The Dawn mission will greatly expand our understanding of this differentiated body, but ar. ] & —
guably itis already the most intensely studied planetesimal. Vesta is thought to be the parent e}
body of ~ 900 named HED (howardite-eucrite-diogenile) meteorites, by far the most voly- ®°,
minous group of achondrites (igneous meteorites). Laboratory analyses of their mineralogy .| Gaiders
and petrology, major and trace element chemistry, and stable, radiogenic, and cosmogenic i 1248 %2 ” Ibitira
isotopes provide geologic insights and constraints on their parent body that are unrivaled for e <
any extraterrestrial object except the Moon. . ]
Before reviewing what the HEDs reveal about Vesta’s geologic history, we briefly sum- -
marize the evidence that links them to this asteroid. The original connection was drawn from
the similarity in spectral reflectance between Vesta and eucrites (McCord et al. 1970). Su A Diogenites
sequently, more detailed spectroscopic studies have supported this connection, and specir & e,
taken as Vesta rotates show different regions on the surface that appear to be dominate; 2 Uné’.?,’,ﬁ:w
\

eucrites, diogenites, and howardites (Binzel et al. 1997; Gaffey 1997). Vesta spectrosco
considered elsewhere (¢.8. Pieters et al. 2005).

Dynamical difficulties in transferring samples of impact debris from Vesta into Jo
and secular resonances (and thence into Earth-crossing orbits) have been overcome b
discovery of numerous < 10 km Vesta family asteroids (“Vestoids,” which are dynami
linked to Vesta) having spectra similar to HEDs (Binzel and Xu 1993; Vilas et al. 200
Burbine et al. 2001). The orbits of Vestoids extend between that of Vesta and both th
Jovian and vb resonances, which can act as escape hatches for samples from the mai
and allow trajectories into the inner solar system. Several V-type asteroids (spectrally si
to Vesta) of ~ 1.0-3.4 km diameter are in Earth-approaching orbits (Cruickshank e
1991). The dimensions of a huge impact crater at Vesta's south pole (Thomas et al. 19
are consistent with the excavation of ~ 105 km® of rock, much more than needed to acco
for the Vestoids and other V-type near-Earth asteroids. Many HEDs probably derive
this crater, although other craters on Vesta likely supplied some meteorites.

vam.o'us samples lie on a common mass-{ractionation li
e \ n line. Indeed, the ox i i
i:s&mal m;’;:f‘i?ﬁ‘gfgi::?lﬁpresscq as A0 (the deviation of 570 aﬁdyﬁg?;i‘?:;fltimmi
gry-'s_imilar. . ——y 0;;2;:?;5&;?;51? a val:w of 0) and illustrated in Fig. ;: [aesc;
o HEDs, Figu . mmonly used to confirm t ficati
i (;20()4)i nr:; ﬁlllz(;n:;ﬁ:; :la‘tja fr?rn two laboratories; open symbols arehir;!rzsi;\zzzg?n
blo data sets give slightly ;i?ifsrei](ir:vgrfg: \;?gg , fl‘ (2'0215) and Scott et al (2009;;
. ; values, indicated by the vertical li
- il\?l?;trrr:t:;l;ords of correcqng data to the intemationally)&;cceptzgls?tzlnlcllzss,
By e fmtirkably httlg deviation from the mean value, although ,
e Ao n l( e mosl_obv:ou?. are identified by their italici;ed nani: ‘)a
,l?owardites el explaivra:ezeli consnslent with most eucrites, and small devia[jonsbir;
of the eucrite deviations hav by foreign (chondritic) inclusions. Different interpreta-
samples indicated thatath: :‘EIEOPOSM' e R AL uggseied kT
B < complorcly, Greon parent body was isotopically heterogeneous and
e [h-at e wood et al. (2005) argued that the isotopic uniformit
B o ; e parent boc‘:ly had melted completely to form a m .
e one aberrant eucrite they analyzed was the result of proj:{jtri?z

1.2 Are All HEDs from Vesta?

For many years Vesta appeared to be unique—the only sizeable main belt astert
spectra that matched HEDs. Recent discoveries of other bodies, such as Magnyad
Merxia and Agnia families with similar spectra (Lazzaro et al. 2000; Sunshine et ak tion. Mor .
allow the possibility that within the HED collection are samples from other differé gen iSO_EOPi: gzﬁggi,tscotl et al. (2009a) proposed that all the eucrites with disti
asteroids. Because of the likelihood of Vesta sampling through migration of Vestol “Not only s its ox‘ ::0"_5 Are fol from Vesta at all. Ibitira provides an interf; tF]C_
nearby resonances (Sect. 1.1), the bulk of HEDs are probably from Vesta, bul HEE o unusual, its abund);ic;l; Sooflof)]icl.comp osition distinctive (Fig. 1), but its vesizl:lr:i
reasons to suspect that a few meteorites are not. ' ST cucrites (Mittlefehldt 2?) ali elements are lower, and its Ti/Hf ratio is highe
Bodies, like Vesta, that have undergone large-scale or complete melting and @ 05). EHRE

ed SO

/Mn ele
: mental ratios in o
ation are commonly thought to have had their oxygen isotopes homogemZz pyroxenes and olivines have also been used to identify

he same pla
Planctary parentage (Papike et al. 2003), because divalent iron and
man-
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Fig. 2 Molar Fe/Mn and Fe/Mg ratios in unbrecciated eucrites, after Mayne et al. (2009). Fe/Mn has |
sometimes been used 1o indicate eucrites from a parent body distinct from Vesta |

ganese are not expected to fractionate during planetary geologic processes. As with oxygen
isotopes, most HEDs have similar Fe/Mn ratios in pyroxene and olivine (Papike et al. 2003;
Beck and McSween 2008). Although Ibitira pyroxenes have higher Fe/Mn ratios than other
eucrites, new data indicate that they overlap the Fe/Mn ratios of other eucrites (Fig. 2
Mayne et al. 2009). More precise data are needed to resolve differences in data sets. The
issue is complicated, because most eucrites with distinctive oxygen isotopic compositions
have normal Fe/Mn ratios, whereas at least onc¢ cucrite with distinctive pyroxene Fe/Mn-
has normal A0,

Another potential problem is the suggestion that several other differentiated meteonl®
groups, specifically mesosiderites, main-group pallasites, and [TIAB irons, may have:
originated on the HED parent body. Silicates in the main-group isti
A0 from HEDs but mesosiderites are identical to them (Greenw
precision oxygen isotopic analyses have yet been reported for oxides in TITAB irons 10
their possible relationship. However, the petrologic properties of [TIAB irons and palla i
require their formation deep inside asteroids, and the very existence of core and core-Mé

boundary meteorites appears {0 be at odds with the observation that Vesta is still
Most basaltic and orthopyroxenite clasts i

n mesosiderites are petrologically and chemi
indistinguishable from eucrites and diogeni

tes (Mittlefehldt 2005). However, mesosider
silicates have undergone complex processing after metal-silicate mixing on ‘

the surfa
their parent asteroid, and such processing is not evident in HEDs. Moreoven t

age data for a mesosiderite indicate that its parent body differentiated well after the
n of Vesta’s surfad

parent body (Wadhwa et al. 2003). Finally, although only a portio

been observed spectroscopically, no areas have yet been found showing a spectrum

of mesosiderites.
To minimize uncertainties, we will omit discussion of other meteorite types, 2

on the many HEDs that share the same OXygen isotopic compositions. We cannot, o
rule out the possibility that all HEDs are from the same, isotopically heterogencousis

body.

b

HED Meteorites and Their Relationship to the Geology of Vesta

i

2 Mineralogy, Petrology, and Magnetic Properties

All HEDs are igneous rocks or brecci
reccias composed of fi e [

erals that crystallized f agmsz - e v .
" mcessre}; . from magmas provide insights into the compositions fc hSI ol

| p Sy at.lended their solidification to form Vesta’s crust Class'ﬁO t ey
alon escri " thei i ; o
along ptions of their textures and mineralogy, are essential elcmenlt(;nfOf HEdDS,

; or under-

standing their formati i . .
g : tion. Mineral compositions and proportions can al
spectroscopic data to be obtained by Dawn n also be compared with

2.1 Eucrites

The eucrites are believed to have ¢ i
' rystallized as lavas on the a i
. i _ steroid’s ithi
zﬁgze&fes:uacl:i: l?rv;l d.lkES and glutons, There are currently several ldif;?e,srufface -y
T s.' ) e snmplc?st of these classifications is based on petrolo oy Wa'ys oo
S s either bgsa]tlc or cumulate rocks (Stolper 1977). Bas _g)h W[']mh o
funéler s.ubdmded by their geochemistry, as discussed in Sect. 3 - Basaltic eucrites can be
ucrites are dominated by p
E : yroxenes and plagiocl i
L _ T gioclase, with lesser am
L m}ioe, leemte, and silica. Other phases such as baddeleyite :’ ety me'ta'l’
. phosphates are rarc and tend to be found in th - f?yahuc
L e mesostasis. Most eucrites are
Many basaltic eucrites are fine i
_ :- to medium-grained iti iti
i grained, ophitic to subophit s (Fi
R Dlnsc eisli:item:lhdfi lr_}ogt ]eg(c}:ompass the wide range of textu[;es ;ifr:ﬁc»}:fsit(hﬁgtﬁa)‘
R . the 1 eucrite exhibi i B
e : i SR ibits a quenched vitrophyri i
o (Dgilr?exeszl&l;d a bll]C.d-plngOCIBSC composition glass in place o(zpc )’“C;“:Xtuw W'llh
i [h:[ haz:f. 19-84; Mlttleffehl.dt et al. 1998; Mayne et al. 2009). At tr}f:ta'lllme b
'_3b) L zmost s;me of thé:r igneous textures due to melamo;phic rec0 , c-r c?me'me
=sué}i.és ol a(i]fg CI;LR (Xf(ggg;stmg ;)ccurs to differing degrees, from basg;fils lilLlan:ilto s
such as till showi ir ophi e e
00000 o S ’ ing remnants of their ophitic i
e PCnA I;?Sz7853;)rfl \:fhlgf};]téave granoblastic pyroxenef Ve%icfezegi:sr;iz-
o oc £ 5 ato 51). Th i { l !
. ese likely f ¢
‘2@0@ ciency of gas escape processes on an airless bod Soppet f_jepth e to the
; TJ y such as an asteroid (McCoy et al
- The basaltic eucrite i i |
: s contain Fe-rich i
Q_t;:gsent,. with the latter two predominatipn)g(z;?gﬁ)o; hOI;ymxene? pigRonlts. and angiisiore
e : . 4). Basaltic eucrite pyr alli
- ;g)b]iterzste((;l”ziﬁeda .an.d Graham 1991). However, in most c:fs}(;: :‘;:;i:}rys{dlhzad
e Comtr:ngnlgmal M'g-Fe zonation (Yamaguchi et al. 1996) Asm:tamop
B I}gyggontam low-Ca pigeonite hosts with finely ex-solvecl fes‘{ll’
e Com. 9: ), so t.hat electron microprobe beams overlap both e
e ; positions (Fig. 4). Igneous Ca zonation i i E phases
By of augite lamellac i - I8 ion is sometimes preserved
| in grain rims compared to cores (Takeda and Graham

Bloclase is calcic (Ang, indivi
. 6_75?, and individual meteorites can show i
_ b nr;(;:lsﬁe ;:ew;i)[iﬁgloclases wi‘[hin Nuevo Laredo and Ct?c:‘i:glfyrall(]ﬁ:: : oo
“ L o in the basaltic eucrites, with compositions of An P?{‘Nﬂl'
ﬂr.._wi[h . “()tablegé;ﬁ (Ma)fne et al. 2009), respectively. Eucrites do 3150_172:0 ta'F
e S incrl;pu‘cm. NWA 4523, a polymict basaltic eucrite found ton n
= . n;a esogtasxs (Barra[ et al. 2007). Warren and Gessler (2(():811-
y occur 1n eucrite Bluewing 001, but this could also be K-riclli
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Fig. 5 Compositions of spinels and ilmenite in eucrites. Oxides in a basaltic eucrites, and b cumulate eu-
crites. Adapted from Mayne et al. (2009)

grow or enclose the surrounding grains occur mostly in granoblastic eucrites. They tend
0 be <2 mm in size, but in GRA 98098 they are > 1 cm (Mayne et al. 2009). Yam-
aguchi et al. (1997) suggested that the prevalence of these grains in granoblastic eucrites
may result from partial melting. Barrat et al. (2007) observed that mesostasis is absent
from basaltic eucrites that are believed to have undergone high-temperature processing up
10 the point where partial melting occurred, and postulated that the partial melts were re-
moved from these rocks. Therefore, the tabular silica grains may reflect melt recrystal-
ization, However, some relatively unmetamorphosed basaltic eucrites contain tabular sil-
Jjca within mesostasis, suggesting a different mode of formation (Buchanan et al. 2000;
Mayne et al. 2009).

Chromites show a range of compositions, which span most but not all of the ulvéspinel-
chromite solid solution series (Fig. 5; Mayne et al. 2009). Ilmenite also is compositionally
variable, with ilmenite MgO contents ranging from 0.3 to 5.2 wt% and Cr,O3 from 0 to
5.5 wt% (Mayne et al. 2009).

- Cumulate eucrites, unlike their basaltic counterparts, are predominantly unbrecciated
(Mittlefehldt et al. 1998), although cumulate eucrite clasts have been identified within
polymict eucrites (Takeda 1991; Lindstrom and Mittlefehldt 1992). Texturally, the cumulate
Lucrites are not as diverse as the basalts. They are equigranular gabbroic rocks (Mittlefehldt
ttal. 1998). They are generally coarser-grained than their basaltic counterparts, although
!here is some variation in grain size (Fig. 3c).

- The cumulate and basaltic eucrites are very similar mineralogically, in that they consist
Primarily of pyroxene and plagioclase. Pyroxenes in cumulate eucrites are more Mg-rich
-4). Although both low-Ca pyroxene and augite are present as a result of exsolution
pigeonite, modally there tends to be less augite than in the basaltic eucrites. Cumulate
lies also show a much narrower range of plagioclase compositions, Angg_os (Mittle-
dietal. 1998; Mayne et al. 2009). The metal is kamacite, low in both Co and Ni (< 1%).
: Eales of compositional variations in chromite and ilmenite in the cumulate eucrites
Onsiderably less than in the basaltic eucrites (Fig. 5; Mayne et al. 2009). Some silica
.ils are also present but usually in small amounts. Serra de Magé is the only eucrite in
) quartz has been identified (Treiman et al. 2004).

S eucrites, whether basaltic or cumulate, show evidence of thermal metamorphism.
ECt of metamorphism on major element pyroxene chemistry was documented by
nd Graham (1991), who divided the eucrites into six types reflecting increasing

taken with crossed nicols. a QUE 970

artly enclosed by pyroxe
County cumulate eucris
f PCA 02019 howardies

Fig. 3 Textures of HED meteorites; all photnmicrographs are
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S > electron mMIcro
Jamellae and, as a result, the ¢
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Fig. 6 Compositions of

Di Hd
yIOXENES and olivines in

iffusi ivine rise to a homo-
metamorphism results in homogenization through Fe-Mg diffusion, giving

; : p d Graham 1991). Eucrites with [ onies, Data from Domasi
i i lving augite lamellae (Takeda an : ; ) ‘
geneous plgconlle h:zle:?ls ope‘s f—'])gare known as ‘equilibrated (Takeda and Grdhamﬂllgg! : ?:1 arl“ ;?::333’(78 g;erzg :)3])_ ;'n{':ig“)'
: g ; . ’
homogemhz'c:t F;)lv'f(]’;%) bu)l’ this designation refers only to pyroxene major elements. The kj-
Yamaguchi ; ’

*Naj i hldt and Lindstr
ose of Si-Al in plagioclase (O Neill Mitdefe indstrom 5

netics of Fe-Mg diffusion in pyroxene are faster than th o)

i g joclase composi-
ili i have a wide range of plagioc
982). and equilibrated eucrites can v ; s
a.nd Dela“?;SL and) Crozazq 1996). In a study of the unbrecciated eucmcf;,_'!;/layr:ie ;l: :ml(3 S(ﬁg)
tions (e.g. ith variations in plagioclase content, many eth rate s also \ oy
observed that along wi 1 mi lement (Al Ti, Cr) zonation in pyroxenes. Using al e -
ts of original minor € LT, G |
SEOWEdf iﬁiga:omponeng[s provides a more sensitive guide to the relative degree of therma]
three of thes s

Fs

metamorphism a eucrite has experienced. LEW 88679 and Tatahouine appear unbrecciated and display polygonal textures. How-
ever, most diogenites are brecciated to some degree. This can present a challenge in in-
[érpreling primary textures and deducing primary petrologic information. Diogenite tex-
wres are broadly described as having large, subhedral orthopyroxene clasts sct in a finer,
ﬁagmemal matrix dominated by orthopyroxene (Fig. 3e). Based on the largest reported in-
tact orthopyroxene grain, ~ 5 cm (Mason 1963), the initial grain size for some diogenites
must have been at least this large. Most minor and accessory phases occur as poikilitic in-
clusions within larger orthopyroxene clasts. Opaque grains (troilite, metal, and chromite)
are often found as 1-10 um circular blebs, aligned into “curtains.” These lineaments are
thought to represent relict grain boundaries or healed fractures in orthopyroxene grains
(Gooley and Moore 1976). Diopside occurs as ~ 1 pm-thick exolution lamellae in orthopy-

2.2 Diogenites

i ditionally believed to have origi-
The diogenites are coarse-grameq cumt.llalcs that are t::-im il B
“?[e_d o pmmnicdlzz;:\: {:)el'FnErT cf;atsrt;sHlfs\:gvtznintergrel their oﬁgin. Recent studiéis:
s h:;h()bsfrlj;:)gic and geochemical variations among the diogenites suggest that their
shci)wll;iesis rﬁZy have been more complex t.han pF‘BVIOUSly thought. -
” rl\?list diogenites are nearly monomineralic, being comp'osed.almost e oy Lm%) Ac
roxene (87-99%). Chromite and oliv'm? 'generally occur'ml::an?{;— zr:/oo)u s (&Z%i;
S 02 . nd hos (0—3%};, I\j“:f;ﬁcet al. 199‘7)' bue to e brecci_'j roxene. Minor phases can also occur as separate, subhedral grains in the fragmental ma-
i g th‘phm'es (1 " and diopside can be attributed to the nix. Olivine and chromite are exceptional among the minor minerals in that they can occur
tion of diogenites, significant amounts of P!ag"(:f :Zztions of P;LH 85015 and PCA 02008. & mm-sized, subhedral grains (Irving et al. 2003; Mittlefehldt et al. 1998; Righter 2001;
mcor?omﬁ'm; l;)f elllt(':cr:i ze l:aii:l!?sts;i—[:;i)irc);z?drzycl.‘asts comprising 9.8% and 3:6% Oflhf;- ;a(} a Sack et al. 1991).
et S“:dl_ ‘;Sa(];edf(’ arg;d McSween 2010). The pairing of PCA 02008 with s;vce;am_
polzei;or:ipr:l('::;:e goupled with the presence of eucritic fragr:\ents, ilgg:::lsit;h?ilk PC '-:
’ 1 ite-ri at was a larger, oW -
oy "GPTEST“;)89‘;‘Oﬂgﬁzligzh;ggg;e?;sz;h[xLH 85015{; which conla?ns cqqlpogzs
g;;fr?n:hz;vardite.-!ike (Berkley and Boynton 1992) and others that ar¢ diogenitic (Scar
163 : : i
= Maso_“ 1'?’186! ]taizl:i::;gnmficsar:eteh?sz?ninl,ra]ogy is that a number of dlogem;esﬁcv?z |
i Q“e i Cants of olivine. Sack et al. (1991) discovered lar_gc amounts ol 0 e
Slgmﬁca’:’];ZaSnflnoglﬁ%) and EETA 79002 (27%). These two olivine-rich szfl(rinp esf.mm .--A
Aolixlji:c diogenites” (Fig. 3d), were hypothesizgd to Fepresent mamltt;i;e:b:;:;am oﬁ
i i However, other sections of these diogenites do not con DuncE
e 1 1997" Mittlefehldt 1994), and the orthopyroxene (‘:omposmo o
Efffl';;'{;n ::deli.g'l-‘A 790b2 are not distinct from those in other dioggmles (:‘i\r\::ls:ﬂ 213&;
1995). These findings suggest that olivine diogenites are npt res;duisf. o
kin to other diogenites. Further insight comes frmp the dl-SC'OV ry of .
s 1 hopyroxene rock) clasts in brecciated olwmc—begnng L
S (;r;)l%i;yThese clasts, which resemble olivine diogenites botlh tﬂ?;im.
gl M(‘:cheﬂ di t'|';c1 from conventional (ferroan orthopyroxen.e) dlmgc::mles.m -
T 'Stl may have formed through fractional crystallization 1n ml;) spin b
e Onhogy;/?xgrv::;n 2?)10). The dunite breccia MIL 03443 resembles HEB 8
(]'B%k a!}l lC ent abundances, and mineral chemistries. This sample ma}y rsEi i
:;:lt::l?sl?lr:s?di?m from the mantle of Vesta or a crustal cumulate (Krawczyn

Mittlefehldt 2008).

~ Diogenite pyroxenes have a narrow range in major element concentrations (Domanik et
004; Fowler et al. 1994; Mittlefehldt et al. 1998; Mittlefehldt 2000; Mittlefehldt and
trom 1993). Except for a few compositionally unusual diogenites, pyroxene compo-
ns fall within Wo;_3 Eny_77 Fsy;_24 (Fig. 6). The homogeneity in major element (Mg
Fe) compositions is believed to be the result of post-crystallization equilibration, not
eous fractionation (Fowler et al. 1994; Mittlefehldt 1994). Several clusters of pyroxene
defined as molar 100 - Mg/ (Mg + Fe)) among the suite (Harriott and Hewins 1984;
efehldt 1994) may represent separate equilibrated source regions, or different parts of
ngle diogenite reservoir that did not fully equilibrate (Fowler et al. 1994; Mittlefehldt
Because this equilibration occurred prior to brecciation and mixing, it is possible for
& sample to contain pyroxenes with a range in mg#s (Mittlefehldt 2000).
0xene minor and trace elements have not been affected in the same manner as the ma-
ciements. Their relatively low diffusivities allowed for the preservation of initial compo-
trends during equilibration, and thus can be used to infer primary igneous processes.
diogenites, minor incompatible elements (Sc, Al, Ti and Yb) vary considerably.
2€s necessitate a formation process in which (1) a single undepleted source un-
60-90% fractional crystallization, (2) a depleted magma chamber, where plagio-
been removed, underwent significantly less fractional crystallization, or (3) multi-
1 E_Chambers with varying incompatible element abundances underwent fractional
10n separately (Fowler et al. 1995; Mittlefehldt 1994). The third option, multiple
hambers, has gained further momentum from bulk diogenite REE analyses (Bar-
008; Mittlefehldt et al. 2009). The abundance of chromium, a minor compatible
S0 varies in diogenite pyroxene. Like the incompatible elements, chromium and



H.Y. McSween Jr. et a].

B
other compatible minor elements are usually decoupled from orthopyroxene mg# (Berkley

Bovnton 1992; Fowler et al. 1994). _ . .
andFef)l\}/,‘lng ordering has been measured in diogenite orthopyroxene, 1n an attempt to dis-

cern cooling rates and infer depths of burial. Using X-ray diffractgol 12;;22112{ ;l;, ;:931)
determined closure temperatures ranging from 311 £29°C to i()soocfk it r
genites. Cooling rates calculated from these temperatures arel e by; Libwd jre
i a et al. 1997). The majority of these tempera u | . _
e (Zegllz zu?nu!ate ezjcritc Serra de Magé, which was determlln‘ecI using the same
method (Domeneghetti et al. 1995). This relative closure temperature difference SUPPOFS 2
y igi i o plutons. Sample-wide closure temperature variations
deep (lower crust?) origin of d10gt?n|tc plut . B s a1 ok
sflect different depths at which the diogenites were emp : . )
::i ;"jﬁfngslb; Vermai::t al. (2008) imply that the cooling rates fog flpgzpltes Tay be even
i ir findi how that all the Fe*" in diogenite pyroxene
than previously reported. Their hndmgs_s ow il ;
i&la(;:!zrs in th]:_" more ordered M2 crystallographic site, 1n contrast to Zema et al. (1997) who
rted Fe2* in the M1 site as well. ‘
repgliiine compositions in diogenites (Fig. 0) are confined to a smalllran%e. zg;(;ﬁ ;Fllf)éa\-”n
i : . 1991). A few outliers exist; 10T 1
1. 1981 Mittlefehldt 1994; Sack et al s
;18308 contains Fogs olivine and EETA 79002 has Fog7-7s olwme. (B'eck apd hlf!cfs,ween
2010; Mittlefehldt 2000; Sack et al. 1991). Minor and trace elements 1n dlogﬂmte o. ivine are.
astril:tad to a narrow compositional range. Chromites, on the othlcr hand, dlsplag Signliﬁc-aiit
::hcmical variations (Bowman et al. 1999 Floran et al. 1981; Mittlefehldt 10/9921 Soac) ;:1(? g
1991), from Cr-rich/Al-poor spinel in LAP 91900 (60.7 wt% Crf/h;ﬁ.l)w)t oS mge jari(;ﬁor‘;
Sl i i %CI‘zO;;Zl.S wt% Al O3). 50

/Al-rich spinel in ALHA 77256 (44.7 wt |
?zz)qrts in chrorp;ite Mg/(Mg + Fe), but as in pyroxene, thse trends are c.lecoupled ’i[’rom
:\l lO and Cr, O3 concentrations (Bowman et al. 1999). Plagioclase ha‘S .calmc cor?g;os;:(;n;
(A?lg; g2) in diogenites (Mittlefehldt et al. 1998). FeNi metz(;gcorrposlaohrﬁ) (r)zrlgglc(,) ';()G) Tms
0 i ies 27.3 wt% (Gooley an . This
0 wt% nickel, and cobalt varies from 0.11 t(? : . 3
:2r>csra:geoin metal compositions, like the variations observeq in pyroxene mnll\;r elen;;r_lfl% ‘;

miiht be attributed to different source regions for the diogenites (Gooley and Moore 1970}

or possibly to contamination.

temperature for

2.3 Polymict Breccias

Following the formation of Vesta’s igneous F:fust, 1mpacts f:)?czll\.:ar:e? t%::?:; Lﬁi f
various crustal levels, Impact mixing of eucritic and dl_ogemtlc it! ho oirdiws (Mmlefel-jl
range of polymict breccias, including the polymict eucrites anq the O\S‘Sﬁn S
et al. 1998). Unlike their monomict counter.parts., these meteoytes aret i icalgly e
taining clasts of clearly distinct petrogenet?c ongin. Hoxf/ardltes- are ?:e e i
mixtures of eucritic and diogenitic clasts (Fig. 3). Po!ymlr‘:[ eucrites W o
as containing different types of eucritic clasts (e.g. basaltic apd cu.r:;]uu t,o B
1978). The definition was later changed to encompass precc1as v«g Fdi;e s
material; above that level the meteorite wquld be ClaSS.lﬁﬁfd as a c()iwaof o
1983). Application of such a classiﬁcation.ls problemang in Lh? sttu 5;3 L il
neous rocks using thin sections (areas typically ~ 1 cm ): I.n‘ ac h g appliedi
howardites and polymict eucrites is arbitrary arlld these .detm?u%)nst. au P
sistently. Current sampling suggests that there 18 essenn.ally acon mdi[cs g pOIymi
cucrites, through monomict and polymict etfcnte F)recc1a:§, to hov\.far i e
genite breccias, and finally to unbrecciated diogenites. This gradfli(tilc;nszale
the impact fragmentation and mixing that occurred on an asteroida :
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The igneous clasts in polymict eucrites and howardites are similar to their unbrecciated
counterparts already described. There are, however, important exceptions that testify to a
proader array of lithologies than are sampled as individual meteorites (Delaney et al. 1984:
Bunch and Rajan 1988; Mittlefehldt et al. 1998). Some of these distinctive clasts (e.g.,
plagioclase-rich, quartz-normative, hypersthene-rich) are distinguished on the basis of
modal mineralogy and may simply be small, unrepresentative areas from coarse-grained
cucritic lithologies. Other clasts show clear differences in mineral abundance and composi-
tion from known eucrites and diogenites, extending the range of fractionation seen among
HEDs. Ikeda and Takeda (1985) described a small, unusually ferroan clast in Y-7308 com-
posed of fayalitic olivine (Fags—_g9), hedenbergitic pyroxene (Fs40_43 Wo4, ), tridymite, and
plagioclase (An7g_gs) with minor ilmenite, chromite, troilite, iron metal, and whitlockite.
This clast was ascribed (o late-stage crystallization from a fractionating magma. In contrast,
Mittlefehldt and Lindstrom (1997) studied dark glassy clasts from howardites EET 92014
and Kapoeta that contain more Mg-rich pyroxenes than are typically seen in the cores of
zoned basaltic eucrite pyroxenes. They suggested that these magnesian basalt clasts origi-
nated as impact melts of howardite, rather than as primary melts of a more magnesian source
region than that which produced basaltic eucrites. Treiman and Drake (1985) described fer-
roan troctolite (olivine + plagioclase) in ALHA 80102.

The suggestion that impacts may have produced some of the ‘igneous’ clasts in
howardites is consistent with other lines of evidence. A subset of the howardites is en-
nched in solar-type noble gases that are concentrated on the surfaces of mineral and
glass fragments (Rao et al. 1991). These gases were implanted when the grains resided
in the upper ~ 1 m of the regolith. The gas-rich howardites are also enriched in frag-
ments of meteoritic impactors and of impact melts. Chondritic clasts are a common, if
volumetrically minor, component of howardites. Most chondritic clasts are similar to the
hydrated, phylosilicate-bearing CM2 chondrites, although clasts similar to CR2, meta-
merphosed CI, and CV3 chondrites are also known (Zolensky et al. 1996; Gounelle
etal. 2003). Warren et al. (2009) noted that gas-rich howardites are also significantly en-
fiched in siderophile elements (e.g. nickel and iridium) compared to gas-poor howardites.
’§u§hanan et al. (2009) reached a similar conclusion, noting high siderophile abundances
i most HED polymict breccias, even in the absence of observable foreign clasts. The

Siderophile enrichment is attributed to incorporation of meteoritic materials ranging from
-‘F&'_:&:Og_nizable clasts to submicroscopic mineral grains. Impact melt particles range from
Es,phcncal to irregular in shape and include both glass and devitrified glass (Bunch 1975:
ﬁﬁsﬂn et al. 1990). Olsen et al. (1990) noted that the bulk composition of glasses founci

Howardites is generally similar to the bulk meteorite composition, but that silica-rich

. %S?ﬂ_’ses are present in Monticello and Y-7308. Barrat et al. (2009) discovered glass spheres in

Ward?tes enriched (up to 6 wt.%) in K,O. Both papers suggest that these unusual glasses
g@mslent shock-melts of Previoqsly unsampled rock types from the HED parent body. It
I___?%@_gc_ear Yvhether such lithologies are small, late-stage segregations from a crystallizing
l"‘“ﬂ"{a, akin to the ferroan clast in Y-7308, or might sample larger terranes, perhaps anal-
the lunar KREEP terrane. Siderophile element enrichments, foreign fragments

Pact melt spherules can serve as proxies for regolith exposure, even in the absencé
ttements of noble gas enrichments. Warren et al. (2009) proposed that howardites
mj thlfse 'chz}racteristics be. classiﬁed as a distinct subclass—regolithic howardites.
Y. owardites and polymict eucrites that lack these signatures, although formed by

at L : - : :

“Hon and mixing of primary igneous lithologies, may not have been exposed within
meter of the regolith,

:’I;-lp tEi'OI'ymic:L brcccias from the HED group provide a broad sampling of, and

SIBNLS into, their parent body. If we accept that most HED meteorites originated
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2.4 Magnetic Anisotropy

fabric of rocks. Magnetic measurements of

i i 1k
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; . 1994; :
tes (Collinson and Morden 1994 o r, the magnetic
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3 Geochemistry and HED Petrogenesis

1 ite i i ks and polymict breccias
i te suite includes igneous roc
od above, the HED meteort : Pl
cA(frr(:;f)z:; of those lithologies plus exogenous mlaFenals acgrfu:i ;t:e:ih:,; o
i i k compositions are dete
arent asteroid. Igneous roc e coT
fi‘r{zlr::i::rses of their parent magmas and the processes that gfﬁ.:ctzi L::::S ystemgs .
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3.1 Geochemistry of Eucrites and Basaltic Magma Series

' i(es was based@!
The first modern attempt at interpreting the formation of HElﬁ mi::;ioz:zgenite&
teorite petrology (Mason 1962, 1969). He suggested that pallas a,on o

e[ii cugriles could be considered a differentiation sequence forme e
an

i id to form a
oid. Iron metal and olivine crystallized from the molten asteroid
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gilicate crystallization switched to magnesian orthopyroxene, forming a mantle (diogenites),
followed by crystallization of ferroan pyroxenes and plagioclase to form a mafic crustal layer
(howardites), and ultimately the residual melt crystallized as gabbros (cumulate eucrites) or
quenchcd in the near-surface environment (basaltic eucrites).

Crystallization models held sway until Stolper (1977) performed melting experiments on
pasaltic eucrites and showed that at low pressure and moderately reducing conditions, some
eucrites were multiply saturated on their liquidi with pigeonite, = olivine, spinel, plagio-
clase and metal. He interpreted these meteorites as representing primary partial melts. Other
pasaltic eucrites had compositions that resembled experimental melts after varying amounts
of pyroxene and plagioclase crystallization. Stolper (1977) interpreted these as representing
evolved melts formed after equilibrium or fractional crystallization of primary partial melts.
Using major element data available at that time, he concluded that Stannern, Ibitira, Sioux
County, and Juvinas formed a suite of primary partial melts, whereas the other eucrites
he studied were residual melts from crystallization of either Sioux County- or Juvinas-like
precursors. No eucrites were identified as residual melts from Stannern-like or Ibitira-like
PIECUTSOTS.

" Consolmagno and Drake (1977) modeled the rare earth element (REE) contents of
hasaltic eucrites. They found that the REE patterns of Stannern, Sioux County, and Juvinas
could be modeled as primary partial melts of a primitive source as interpreted by Stolper
j:{'11977), However, they also modeled most other basaltic eucrites as primary partial melts, in
contrast to Stolper’s (1977) interpretation that they represent residual melts. Consolmagno
and Drake (1977) found that the REE patterns of cumulate eucrites are consistent with for-

&S;ﬁlper’s (1977) interpretation.
Figure 7 summarizes compositional signatures of eucrites that support Stolper’s inter-
ion. Figure 7a is a replica of the Ti versus mg# diagram used by Stolper (1977) to
illustrate his petrogenetic scheme (he actually used fe# as the x-axis; plotting mg# in re-
erse order is equivalent). Titanium is an incompatible element in basaltic magmas. During
partial melting, Ti is quantitatively partitioned into the first-formed melts, and continued
ling dilutes Ti in the melt. During basaltic magma crystallization, the minerals formed
Ti-poor, resulting in increasing Ti in the residual melts as crystallization proceeds. The
of a partial melt is buffered by olivine in the source region and thus undergoes only a

id, known in HEDs as the Stannern-trend, shows decreasing Ti with little change in mg#
the eponymous Stannern through Ibitira to the most primitive (highest mg#, lowest Ti)
-group eucrite Sioux County. The fractional crystallization trend, known in HEDs as
uevo Laredo-trend, shows increasing Ti with decreasing mg# going from main-group
oux County to the eponymous Nuevo Laredo. (Because the Nuevo Laredo-trend
from the compositional space of main-group eucrites, we will refer to this trend as
oup—Nuevo Laredo-trend.)
CE Incompatible element such as Hf substituted for Ti on Stolper’s diagram (Fig. 7b)
s the distinction between Stannern and most other eucrites, but note that Ibitira
ger intermediate between Stannern and Sioux County. The distinction between
and the main- group—Nuevo Laredo-trend eucrites is maintained if Sc (distribution
Of0.5to 1) is used instead of mg# (Figs. 7c, d). Note that on the Ti or Hf versus Sc
the Stannern-trend (Stannern through Ibitira) does not intersect the main-group—
‘ do-trend at the most primitive (lowest Ti, Hf and Sc) ends.
Stolper presented his interpretation of eucrite petrogenesis, many new HED me-
€ been recovered, the number of chemical analyses available has dramatically

Renrinted from the journal
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Fig. 8 Updated compositional representations of basaltic eucrite chemical types. a Ti vs. mg# diagram.
Shown are averages of available data for all basaltic eucrites, plus the ungrouped basaltic achondrites Ibitira
and Northwest Africa 011. Pomozdino (Po) has a high mg# because it is a partial cumulate (Warren et al.
1950). b Hf vs. Sc diagram. Cumulate eucrites and ungrouped cumulate gabbro A-881394 are also shown.
A partial melting model (pm arrow) that previously matched Stannern-trend eucrites Bouvante (Bo) and
Stannern (St), and the main-group eucrites does not adequately account for the most trace-element-poor Stan-
ser-trend eucrites, and a model that passes through the latter does not match the compositions of main-group
cueriles. With the additional data now available, the main-group—Nuevo Laredo-trend eucrites may repre-
sent two or more fractional crystallization sequences, and the Stannern-trend may represent a fractional crys-

lization sequence (fc)ig arrows). Some cumulate eucrites are broadly consistent with crystalline material
fractionated from basaltic eucrites (fogyy arrows). Also labeled is NWA 4523 (N) with anomalously high Ti
‘and Se (Barrat et al. 2007). Symbol sizes are correlated with the degree of confidence in the average: large
ymbol—standard deviation is < 10%; medium symbol—standard deviation is > 10% and < 20%; small
symbol—standard deviation is > 20% or only a single analysis is available
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considered by Stolper (1977). The Ti and mg# data are 1h;)se used by Stolpe
data are averages of all data available for the meteorites shown

basaliic eucrites, and the unique nature of Pomozdino is further supported by the lack of
Other examples with anomalous mg# (Fig. 8a).

- As was the case in Fig. 7, Ibitira falls within the Stannern-trend on the Ti versus mg#
« (Fig. 8a) but within the main-group—Nuevo Laredo-trend on the Hf versus Sc plot
). We noted earlier that Ibitira is on outlier in A0 (Wiechert et al. 2004) and that
9 has several petrologic and compositional characteristics that are distinct from other
lic eucrites (Mittlefehldt 2005). Ibitira is therefore considered an ungrouped basaltic
drite and may not be from Vesta. A second ungrouped basaltic achondrite, NWA 011,
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Fig. 9 Plot of molar Na/Al vs, mg# for bulk-rock basaltic eucrites, plus the ungrouped basaltic achon-
drites Ibitira and NWA 011. The main—group——-Nuevo Laredo-trend eucrites correspond Lo trend A, and Stan- |
nern-trend eucrites correspond 10 trend B of Tkeda and Takeda (1985). Pomozdino (Po) has a high mg#
because it is a partial cumulate (Warren et al. 1990). Ferroan Bouvante (Bo) plots close to the field of
main-group—Nuevo Laredo-trend eucrites. ALHA 81001 (A)is anomalous compared o other Stannern-trend
ue, fine-grained quenched texture (see text). Bluewing 001 (BL: analysis by Warren J
her basaltic eucrite. The significance of the relative sizes of the

eucrites; it also has & uniq
et al. 2009) has a higher Na/Al than any ot

data points is as given in Fig. 8

interact with a hot crust of earlier gcneration main—group——Nuevo Laredo-trend eucrites.
The magma causes partial melting of the hot crust, and mingling of the magma with the
anatectic melts yields hybrid magmas with the compositional signatures of Stannern-tend
eucrites.
Cumulate eucrites can be modeled as crystalline materials separated from the fractiondts
ing basaltic eucrites (Fig. 8b). Some cumulate eucrites have Hf contents that are o0 high for
pure cumulates, pbut these can be modeled as mixtures of cumulus phases and trapped el
(e.g. Mittlefehldt and Lindstrom 2003; Treiman 1997). _
Petrologic study of basaltic clasts in howardites identified two trends based on e
Ca content of plagioclase and the Mg content of low-Ca pyroxene (Delaney et al. 19
Tkeda and Takeda 1985). One trend, the peritectic basalts of Delaney €t al. (198 1), matel
the mineralogic compositions of main-group—Nuevo Laredo-trend eucrites. The evol
basalt trend overlapped data from Stannern, the main-group—Nuevo Laredo-trend et
Chervony Kut and some clast data from the main-group—Nuevo Laredo-trend eucrite
monte (Delaney et al. 1981). Ikeda and Takeda (1985) referred to these twWo trends s
B; we use this terminology because it does not presuppose a mode of origin.
A plot of bulk-rock molar Na/Al versus mg# (Fig. 9) is roughly equivalent 10 the
(mole% anorthite in plagioclase Vs. mole% enstatite in py!

eral composition diagram j
ene) used by Delaney et al. (1981) and Ikeda and Takeda (1985) to divide basaltic ¢
d in plagioclast:

into different trends. Sodium and Al are almost entirely containe

Na/Al ratio is an inverse function of the plagioclase anorthite content. Most of 1.11
rock Mg and Fe are contained in pyroxene, and bulk-rock mg# will be a functi
Ca pyroxene enstatite content as long as the basalt does not also contain primary al
which is true of many basaltic eucrites. The chemical groups main-group——-NUe"_‘"-
trend and Stannern-trend closely correspond to trends A and B of [keda &
Stannern-trend basalts have higher Na/Al for a given mg# (Fig.9): mimicking the T
plagioclase compositions of trend B basalt clasts from howardites (Delaney et
Ikeda and Takeda 1985). An exception to this is ALHA 81001, which has & &
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is ~ 2.5 times lower. Both options seem unlikely. The Co/Fe ratios of chondrites only vary
by ~ 15% (Lodders and Fegley 1998), making the factor of 2.5 times lower Co in the parent
asteroid implausible. Metal/silicate melt partition coefficients have been determined exper-
imentally, and compensations for variations with temperature, pressure, melt composition,
and oxygen fugacity can be calculated (Righter and Drake 1997). For the modeling shown,
we used the partition coefficient of Holzheid and Palme (2007), which gives a closer approx-
imation to the basaltic eucrite data than does the value used by Righter and Drake (1997)in
their modeling. Parent asteroid compositions based on other model chondrite types (CIL H,

R in Fig. 10) give even poorer fits.
1.2 Geochemistry of Diogenites and Complexities in Vesta’s Differentiation

The discussion above on HED petrogenesis, and indeed most attempts at such mod-
eling, are based on trying to explain the compositions and petrology of basaltic eu-
crites. A holistic approach to understanding Vesta’s petrologic evolution requires incor:
porating diogenite petrology and composition into the modeling. Petrologic and compo-
sitional studies of diogenites have shown that in general, orthopyroxene grains are quite
uniform in major clement composition within individual diogenites (Fowler et al. 1994
Mittlefehldt 1994). Some diogenites do show variations in grain compositions. These vari
ations are typically not continua, but distinct populations of grains from different source
rocks in genomict Of polymict breccias (Beck and McSween 2010; Fowler et al. 1994

Mittlefehldt 2000). In contrast to the uniformity in major elements, minor and trace incom:
patible element abundances are quite variable (Fowler et al. 1994, 1995; Mittlefehldt 1994},
These studies have led o the conclusion that multiple parent magmas were responsible for

diogenite formation (Fowler et al. 1995; Mittlefehldt 1994; Shearer et al. 1997). Some have

raised the possibility that infiltration metasomatism may have caused the disconnect between
5 R . . B il
major elements and trace elements, and the ranges 1n trace element contents 11 diogenite py=

roxenes (Fowler et al. 1994), This process is too ill-defined to properly evaluate in the case
of diogenites, Numerous diogenites have been recovered and analyzed since the mid 19905
resulting in increased diversity in major element compositions and expanded ranges in
por and trace element compositions (Barrat et al. 2008). The trace element compositions it
particular reveal that diogenite petrogenesis was complex. ‘

Figure 11 shows averaged bulk rock compositions for Sm versus ¢ for diogenites ané
MIL 03443. This latter meteorite is a brecciated dunite that appears to be related to G
genites (Krawczynski et al. 2008; Mittlefehldt 2008). Excluding the anomalous diogenl
Dhofar 700 (Barrat et al. 2008), the diogenite suite exhibits a range in S¢ contenlsf
~ 5.6 to ~ 22 pg/g and Sm varies by over a factor of 300. An example fractional crystal
tion model is also shown. This model is based on the “HED-EH” model of Ruzicka &
(1997) which has an expanded range of low-Ca pyroxene crystallization and produces &
maximum range in cumulate pyroxene trace element compositions of any of the models
considered. The partition coefficients used were calculated after Jones (1995).

The diogenite suite includes some members that have very low Sm (MET 00424
houine) or S¢ (NWA 1461) contents that are out of the range achievable by model cum!
ot their mixture with trapped melts. Most diogenites have Sc contents that can be
cled within the framework of the Ruzicka et al. (1997) HED petrogenetic scheme,
contain more Sm than predicted by the fractional crystailization model (Fig. 11):

Two mechanisms can account for the high Sm contents of diogenites relative (o 1he
cumulate: admixture of eucritic material in brecciated diogenites, OT inclusion @
melt. Some diogenites are classified as being polymict breccias containing & smal

£ <ot
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pristine basaltic eucrites, 3.5 = 3.0 pg/g for pristine cumulate eucrites, and 37 4 36 ug/g for
pristiﬂe diogenites. A 1% CM chondrite component would add 123 ug/g Ni to a polymict
preccia. Excluding the three polymict breccias with > 900 pg/g Ni, howardites and polymict
eucrites are estimated to contain 0-4% chondritic debris.

On average, howardites contain higher Ni contents than do polymict eucrites. Hewins
(1982) noted that those howardites with higher Ni contents are also rich in solar wind-
implanted noble gases. The higher Ni and solar wind gas contents suggest that the
howardites were gardened on Vesta’s surface, and thus they may be representative of the av-
erage material excavated by impacts. Warren et al. (2009) noted that the subset of howardites
with high Ni and high solar wind gas contents show a limited range of Al contents of
~ 4248 mg/g. They estimated that this corresponds to an approximate 2:1 mixture of eu-
crite:diogenite. Warren et al. (2009) suggested these howardites might represent ancient,

well-mixed regolith. They refer to them as regolithic howardites to distinguish them from
other howardites.

s
2
=]
=
=
=
I

4 Chronology

Mg (mg/g) Studies of radioacti.ve iSOLQpes and their daughter products in HEDs indicate a range of ages.
These data constrain the timescale for Vesta’s differentiation, the ages of its igneous crustal
tocks, the chronology of its later impact history, and the duration of cosmic-ray exposure
of HED meteorites in space. These ages provide a foundation for understanding Vesta's

geologic evolution, and they can be compared with crater density ages estimated from Dawn
imagery.
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4] Age and Duration of Magmatic Activity

‘The timing of magmatism on Vesta can be constrained by determining the crystalliza-
ages of its volcanic rocks. However, most HED meteorites have experienced thermal
processing after crystallization (see below) and thus many radiochronometers record sub-
ent thermal events. Despite this complication, the '*7Sm-'**Nd ages of some basaltic
€lcrites indicate ancient magmatic activity close to ~ 4.56 Ga (e.g. Wadhwa and Lug-
diir 1995; Nyquist et al. 1997; Kumar et al. 1999). In some cases where the long-lived
Sm-"YNd system has been reset, the short-lived “°Sm-'"“2Nd system still indicates very
- 8ily crystallization (Prinzhofer et al. 1992). Although the ¥ Rb-%7Sr chronometer is more
#puble to thermal disturbance than the ''Sm-"**Nd chronometer, the data for basaltic
tes generally support ancient crystallization ages (e.g. Nyquist et al. 1986). The U-
em, the most precise method of absolute dating, in basaltic eucrites has generally
by later thermal events, but a **’Pb-**Pb isochron for the Asuka 881394 basaltic
© Yields an age of 4566.5 4+ 0.2 Ma (Wadhwa et al. 2009). Note, however, that this
€ has an anomalous oxygen isotopic composition (Fig. 1) and other features, so its
01 to Vesta is questionable (Scott et al. 2009a).
Tmer presence of short-lived radionuclides in basaltic eucrites supports their an-
288, Excess Mg formed by the decay of 26Al in eucrite plagioclase (e.g. Srinivasan
939-;. Nyquist et al. 2003) suggests crystallization within ~ 5 Myr of the formation
arsystem (as defined by CAls). The former presence of live *Mn has also been
t&d. in basaltic eucrites (Lugmair and Shukolyukov 1998; Nyquist et al. 2003,
quicr et al. 2008). The 3Mn->*Cr ages indicate igneous activity began within
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il ~ 10 Myr after CAls. Evidence for live ©Fe in basaltic

llization (Shukolyukov and Lugmair 1993) also attest W would be higher than chondritic in the silicate mantle, and consequently in the eu-
tallizati

‘gﬁt&s:derived from it. Conversely, a lower '#2W/'#¥W would indicate later core formation.
A vhole-rock 18Hf- 182w jsochron for HEDs (Fig. 13b; Kleine et al. 2004 and Wadhwa
- elal. 2006) suggests that rapid core formation occurred 0.9 + 0.3 Myr before silicate (crust-
):differentiation, at 4563.2 £ 1.4 Ma. However, Kleine et al. (2009) argued that the
recisely defined isotopic ratios for average basaltic eucrites make the time of core for-
on more uncertain, and they calculated times of 3 + 6 Myr after CAls.

~ 3 Myr and continued un
crites at the time of their crys

carly formation. ‘ . . -
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may be more likely, however, that slow cooling within tbe thermally insulated crusté
account for the consistently younger ages of these plutonic rocks.
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m;ﬁ. Some workers have argued that these ages represent thermal metamorphism
¢ bal scale, and a model of pyroxene homogenization in eucrites by Miyamoto et
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5 Implications of HEDs for Vesta’s Geologic History
12
10 A goal of the Dawn mission is to provide data needed to construct an integrated geologic
history of Vesta. That history should be consistent with what is inferred from HED mete-
orites.

5.1 Timing and Location of Vesta's Formation

8
6
4
2
0 Vesta’s accretion cannot be dated directly but its time of differentiation, no more than 1-
g ) y 3Myr after CAls, as determined from HEDs, indicates that its formation was early. A pre-
8 Diogenites vious report that Vesta formed before ““Fe (produced in a supernova) was injected into
* the solar nebula (Bizzarro et al. 2007), based on analyses of HEDs, has now been refuted
2 (Dauphas et al. 2008).
9 Bottke et al. (2005) suggested that differentiated asteroids, such as Vesta, formed in the
6 ierestrial planet region, rather than at their present heliocentric distances. Earlier accre-
4 lon is expected closer to the Sun, where the swarm density of particles was higher, and
2 early-formed planetesimals would have incorporated more live 26 Al to facilitate melting. If
0 correct, Vesta could be viewed as an unused planetary building block that escaped incorpo-

ration into a terrestrial planet and was later perturbed into an orbit at greater heliocentric
distance.

Howardites

2 4 6 810 20 40 60 80100
Cosmic-ray exposure age (Ma)

i g . (2006)
Fig. 15 Cosmic-ray exposure ages for HED meteontes, after Eugster et al. (

59 Bulk Composition of Vesta

i later 3.5
s ¢ have been formed during the late : v
large s;oultrht ;'JE:; :ra;eormr;gdment, and simulations of the orbital evolution gf matmt :;l: 2::1
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sk d (Gomes et al. ] ) ‘
d than presently observe . : : g
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et al.

ai ng age i
bital and collisional dynamics. Binzel et al. (1997) also suggested a fairly young ag
orbi

Vestoids, based on their spectral characteristics.

The basaltic eucrites and howardites provide indirect evidence for the bulk compositional
acteristics of Vesta (Consolmagno and Drake 1977; Dreibus and Wiinke 1980; Mittle-

Idt 1987; Morgan et al, 1978). Common features of model bulk compositions are low al-
{ali element contents, but refractory lithophile element contents near chondritic abundances,
‘The Na and Al contents of eucrites are almost entirely contained in plagioclase. Melting
periments (Stolper 1977) and REE modeling (Consolmagno and Drake 1977) show that
most primitive basaltic eucrite compositions were not in equilibrium with plagioclase.
gioclase was not a solid phase on the HED parent asteroid when primitive basaltic

s formed, and their Na/Al ratios will be close to that of the bulk asteroid regardless
e formation mechanism (partial melting or fractional crystallization). Sodium was a
ely volatile element during condensation of the nebular gas, while Al was refractory
ders 2003). The Na/Al of basaltic eucrites is then a representative fingerprint of
_ederalely volatile element fractionation recorded in the material that accreted to form

4.4 Sampling and Cosmic-Ray Exposure

i i d by Eugsle
1 0 tes h (o] be n ..U.mmdr!ze
(:OS“HC lay Bxposure agt‘:S fD HED meteori avi {7} R). 18

Michel (1995), Welten et al. (1997), and Bugster et 31.2(2200231 e e d s
tes. diogenites, and howardites all form clusters at ~ 2.2 and = - - ond S
- % 1us!ter occurs at ~ 12 Myt (Fig. 15). These ages are muct })‘Jdams "
t:élcnlgon yc for HEDs. This may imply that cosmic-ray expf)sure, thFd il
i Ar'- s a'gesb eter si'ze meteors, was initiated by impacts into Vestol sf o
hfeume's ot ulti-km size Vestoids must contain all three members o '
1993)} ol zrin es could reflect derivation by recent impacts on Vesta 1[5& tt,le "
tfﬁﬁ‘j‘(;\ﬁ: ’ct;‘si:l?c—fay ages are consistent with orbital evolution from Vesta by the

effect (Bottke et al. 2000).
The circled data shown in
teort
osure age peak. These me i ; > -, !
1t)!rends cumulate eucrites, diogenites, polymict eucrites alicfd S~ e
tc(m'te,s having the same cosmic-ray €xposure age sampic y

i jstogram a5
Eugster and Michel (1993) interpreted the cosmic-ray exposure age histog ;

arent as!
] ace of the pareits
that five such impact events are represemed, suggesting that the surf

may be well sampled.

us Fe and Mn?* are homologous species. Their ionic radii differ by only ~ 6%
ierefore ferromagnesian phases do not greatly fractionate MnO from FeO during ig-
esses. The FeO/MnO of Vesta is expected to be close to that of basaltic eucrites
nd Winke 1980). Iron condensed as metal in the solar nebula, and reactions with
ing gas converted some of the metal to FeS and the FeO component of ferromag-
A silicates (Lodders 2003). Thus, the FeQ content of silicates is related to the degree
on of the initial nebular condensates. Manganese condenses as a component in
3 33#‘!3)’?03(8% at a temperature ~ 180° below the condensation temperature of Fe
- ell above the temperature where oxidation occurs (Lodders 2003). Volatility-
ebular fractionation of Mn from total Fe may also have occurred. Nevertheless,
IO ratio of eucrites serves as a general indicator of Vesta's oxidation state.
shows molar Na/Al versus FeO/MnO for basaltic eucrites compared to dif-
te types, another group of asteroidal basalts (angrites), and two ungrouped

;1 N
Fig. 12 are HED meteorites that fall within the

i asaltic eucrite €
i J ssentatives of both basa :
tes include repr bt 3_11.
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Fig. 16 Molar Na/Al vs.
FeO/MnO for asteroidal basalts
compared 1o average bulk
chondrites from Lodders and
Fegley (1998). For the chondrite
averages, bulk Fe was
apportioned between metal,
sulfides, silicates and magnetite
to estimate silicate FeO/MnO

However, the CM chondrite experimental mel
. . _ ts could not produce eno
10 exp]aijn tl;;occurrence _of diogenite cumulates (Jurewicz et al. 1993) tihcgg::gﬁ{mxené
rodll;f; ; . tc])pymxene in abundance, but these melts were unlike eucrites (Jur 3."101[3
4, 1995). Righter and Drake (1997) favored a mixture of CM and L chondrites Ll’f::i:zt'u
satis-

fied the oxygen isotopes, the FeO/MnO rati si i i i
i o, and siderophile and lithophile trace element

Na/Al (molar)

If Vesta differentiated via near-total melting & i izati
et al. 1997; Warren 1997) as discussed bclltcl)nw% ;:Ledn f::?:?:i?:: Ia:;y ;?l“g"auon R
the m‘imtle of Ihc.’.‘pa.renl asteroid. In that case, parent body models th l"elC[ ey
_sumplion of eqqlllbr!um between melt and mantle (e.g. Consolma noa :;3)/ i
'10“.35 1984) are mval.ld. The constraints derived from Na/Al and FeOg/ M:(n) t?rake |97?:
yalid, 'though, and. Fig. !6 remains useful for estimating the moderatel ey =
(epletion and relative oxidation state of Vesta. S

FeO/MnO (molar)

¢ HED parent asteroid is moderately 53 Global Differentiation of Vesta

basaltic achondrites (Ibitira and NWA 011). Th
duced, with an FeO/MnO ratio similar to that of ordinary chondrites. This agrees well with
what is known about the oxygen fugacities of HEDs and ordinary chondrites. Measureme
of the intrinsic oxygen fugacity of ordinary chondrites yield a range of values from ~
to 1.1 log units below the iron-wiistite buffer (IW) (Brett and Sato 1984). Stolper (1977
ferred an oxygen fugacity for cucrite petrogenesis via partial melting of ~ 1 log unit be
IW, and Hewins and Ulmer (1984) measured the intrinsic oxygen fugacity of two diogen
1o be at or ~ 0.5 log units above [W. Ibitira has a FeO/ MnO ratio close to those of basalik
cucrites, whereas NWA 011 has a much higher ratio, suggesting a more oxidized paren
body. The angrites have the highest FeO/ MnO ratios among asteroidal basalts, indicati
parent asteroid with an oxidation state similar to that of CO or CM chondrites. .
The Na/Al ratio of eucrites is substantially lower than that of any chondrite type.

faack et al. (1990) devised a thermal evoluti
%ﬁ.ﬂuclide Qec.ay. However, the recognition :ll::: trl?:.)d I-‘lell;[)fo;:aye{;s: T,SSSB: . lo; . i
e incorporated significant quantities of short-lived radionﬁclicj “’—“; vglﬁ-y i
.Wh]ch would have dominated its early thermal history. The thermal :ns (;k;: Al and
_“MLEchen (1998)., .baseci on short-lived radionuclide heating and e Py
perties of HEDs, divided Vesta's evolution int . -g . COnS.lramcd by the
I eroid until metal-sulfid : o stages: (1) radiogenic heating of a homo-
B ilicat 5ul e eutf:ct1c melting and core separation; (2) further heatin
cooiing Biie diff(::?ci [Falrt:jal melurng and crust formation; and (3) subsequent heating
e migration of heat sourlsez d:r(;iy.ul;heﬁnal C?ICUIg()[ion.s f.or Vesta are complicated due
Na/Al ratios of CV and CK chondrites are about a factor of 3 higher than measure B iic crust). The model prodﬁce:ia zl;nulalxon( Fe is incorporated into the core and
Stannern-trend eucrites (~ 0.07-0.09). The low Na/ Al ratios for basaltic eucrites indicate ss from the asteroid’s interior for ~ IOT)VESC geothermal gradient, which minimized
factor of 10 depletion in Na for 4 Vesta when compared to solar abundances. Even great hort-lived radionuclides in HEDs suggest hyr. 1
depletions in the other alkali elements, up to a factor of ~ 250 for Cs, were estimated itle melting was extensive enough to %(%f; tth a Vc_Sla S GO separated ~ | Myr before
Mittlefehldt (1987). NWA 011 has a Na/Al ratio like those of basaltic eucrites, SUEEE R et with the model above and ndacs (Kleine & al. 2004; Wadhwa et al.
similar moderately volatile element depletions for its parent asteroid, but the Na;’A? was demonstrably metal-free (Ri hn with the observation that the eucrite source
of Thitira is less than half that of basaltic eucrites. Angrites are severely depleted in eucrites indicate volcanism ex[:.:g d[e; ?nd Drake 1997). The crystallization ages of
ately volatile elements, with Na/Al ratios roughly an order of magnitude lower th B0 der radiometric ages for r?) z fOr ~ 10 Myr gnd possibly longer (Trinquier
of basaltic eucrites. Depletion in moderately volatile and highly volatile elements ENilcs) may suggest that magma(t:iss ormefi deeper in the crust (cumulate eucrites
characteristic of many differentiated asteroids like Vesta. . P o simply cetiectsiow L Cl?ﬂll"uf%d for perhaps another 100 Myr, or
Other constraints suggest that Vesta’s bulk chemical composition was chondriti h some geochemical eviden;c cooling to isotope blqcking temperatures.
REE patterns for eucrites can be modeled from a chondritic source (Consolmagno ang the operative mechanism for f; o e CryStfi”lzaﬁDn of a largely molten
1977), and the narrow range in Sm/Nd and Lu/ Hf ratios among eucrites suggest the QIR eta] observation [hn[“ahtmn of the .HED igneous suite, this leaves un-
as large-degree melts from a source having chondritic abundances of refractory 1 L tions (highest mg#, lowest Sc T.a l.tl ose basaltic eucrites with the most primitive
elements (Blichert et al. 2002). As already noted, however, it is not p055ib1§ {0 recongt g equilibration Will; olivine in 'thcl e e Sf‘mfatcd with olivine on their liquidi,
low alkali element abundances in eucries with known chondrite compositions: =/ B s inderwent fraction s]ourcc region (Stolper 1977). This is an unlikely
The compositions of primary magmas can be used to constrain their maptles an extended period of ¢ ‘;lall-a C.rysta!hzau(m. Modeling of this process shows
gion compositions, provided adequate assumptions about the degree of partial me ESlivine crystallization a;ﬁ vaas Izanon of orthopyroxene =+ chromite between the
be made. Stolper (1977) hypothesized that some eucrites were primary T_ﬂeils' ecomes eucritic) (Ruzicka et alp‘ljgg-;wmrc the melt becomes saturated in plagio-
workers (e.g. Takeda 1997; Warren 1985) have argued that primitive liquid com cenario that purported - I )-_Neverthe]es_s. Warren (1985) developed a
are absent from the HED collection. Melting experiments (Jurewicz et al. 1993, y can explain olivine saturation on the liquidus of residual
ing carbonaceous and ordinary chondrites demonstrated that partial melts of €

= m cr ystalh?a[ i h R h d
. . 4 zaton Of a magmﬂ 0cea .S an allerna lVe mex dn.sm g ter an
ha:t (()]Il])()si[iﬂ"s Shllila] 1o Cucnlﬂs. SO |0ng as VOlauleS COUld lla : b lt " i ( 1

3 “liS p“! o A
b CESS C i 3 ]y
an E:Xplaln Slolpﬂr S l'eSU]l bﬂCﬂUSﬂ Lquilibﬂum C Sta“l aI.iOr!
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is thermodynamically equivalent to equilibrium partial melting run in reverse. The modg]
considers that convective mixing of the magma is efficient during the period of olivine,
orthopyroxene, and chromite crystallization, but becomes “locked” at the point when the
residual melt has the composition of main-group eucrites. From then on, fractional crystal.
lization forms Nuevo Laredo-trend eucrites (Righter and Drake 1997). Although this mode|
can reconcile Stolper’s observation with the compositional constraints discussed earlier jj
appears Lo contradict petrologic observations of diogenites. The model would predict an ip-
(imate mixture of olivine, orthopyroxenc, and chromite as the crystalline phases at the poing
of convective lock-up, with olivine being the dominant phase (Righter and Drake 1997)
This contrasts sharply with modal abundance measurements that show that olivine is absen
or a minor phase in most diogenites (Bowman et al. 1997).

Basaltic eucrites have a narrow range of Cr contents, and this has also been cited a5
evidence against magma ocean crystallization models (Jurewicz et al. 1993). Stolper (1977).
found that basaltic eucrites are saturated with Cr-rich spinel on their liquidi, and concluded
that spinel was a residual phase in the source region. Residual Cr-rich spinel would buffer
the Cr content of primary partial melts to yield a narrow range of values. This is consistent
with basaltic eucrite data—>509% of basaltic eucrites have Cr contents of 2.1 £0.1 mg/g.
average Cr contents of spinel-saturated experimental melts from Murchison and Allende nu

1 mg/g (Jurewicz et al. 1993). These authors argued that because Cr

at eucrite conditions is 2.
is a compatible element in pyroxene, formation of eucrites as residual melts after diogenile

formation is unlikely to have resulted in Cr-spinel saturated magmas.

Magma ocean crystallization models in their simplest form imply that there was s
single liquid line of decent, whereas the compositional evidence from basaltic euch
shows two or more crystallization trends (Fig. 8b). The distinction between main-group—
Nuevo Laredo-trend eucrites and Stannern-trend eucrites in particular is difficult to undee
stand in the context of whole-asteroid crystallization (Mittlefehldt and Lindstrom 20
A recent model posits that Stannern-trend eucrites were formed by partial assimila
earlier basalts by magmas rising through the nascent Vestan crust (Barrat et al. 21
This hypothesis holds promise, but requires testing. Serial tapping of the residual
from whole-asteroid crystallization has been suggested as a mechanism for forming
crite compositional suites (Warren 1997) and for engendering the pervasive melz
phism of eucritic basalts (Yamaguchi et al. 1996). Also, trace element data for di
demonstrate that they cannot all have formed from a common magma (Mittlefehidt ]
Barrat et al. 2008), as would be expected for a magma ocean model. However, prod
diogenites in multiple plutons either requires ultramafic magmas or significant quan il
complementary gabbro, samples of which have not been recognized among the HEDs.
5.4 Compositions, Proportions and Densities of Vesta's Core, Mantle and Crust
in HEDs, relative to chondrites, provide evidence
metallic FeNi core in the parent body (Hewins and Newsom 1988; Righter and Drak
Preferred estimates of the mass of the core vary between 5-25% (Righter and Df_‘
based on models of siderophile element abundances in chondrites, and between
(Ruzicka et al. 1997) based on mixtures of HED minerals that produce chondriti¢ &8
ratios. The bulk density used in the calculation of Ruzicka et al. (1997) was =~ =
lower than the ~ 3.76 g/em? value calculated from the most recent Vesta mass detet
(Konopliv et al. 2006) and HST diameter measurements (Thomas €t al. 1997):
bulk density indicates that the core mass is greater than the lower bounds of thy

estimates.

Siderophile element depletions

4ED Meteorites and Their Relationship to the Geology of Vesta
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Although Orth‘opyroxene is the dominant mineral in diogenites, the occurre a i
ied number of olivine-bearing diogenites and a dunite having HEIS oxygen iqo[ncc' o
gtion suggest that olivine may be a significant component of the mantle gIn acid'l(')p‘C engion
on Vesta slhows a spectrum interpreted to show olivine, suggesting a c;'ater m;mr?, . e
‘,alzdld:n;lc]kbel.:).w an(orthopyroxenite layer (Gaffey 1997). The normative mir?erz;rﬁll\:giet:::i;c
modeled bulk-silicate mantle + crust) compositions i
wwe 1980; Joges 1984) contain ~ 50—75p% ol(i)vi;fi?uihlz }:g—[ig‘;;e:;rzzii (D“z;l:)'-‘s o
Jagioclase (Ruzicka et al. 1997). The bulk-silicate densities of these mi e
g e ineral assemblages

The cnllsl is acknowledged to be basaltic in composition, but it must contai ignif’
jaant fraction of ultramafic cumulates (diogenite). The chemical composirion;u:f ar::)];ilt'!;

.@wardiles correspond a eucrite:diogenite mixing ratio of 2:1 (Warren et al. 2009). Th
; . The

‘@ma.ﬂvc mineralggy of that composition is ~ 70% pyroxene and 25% plagiocl: 5

-E@ndmg to e.a dgnsuy of 3.17 g/cm?. However, Warren et al. (2009) sugpcsgl t:atdsci?' LO"?‘
san upper |lmll,. and the real crustal proportions may be closer to 1:1 gecaus lf l; ral{o
mpact sampling of deeper lithologies. The volume of the crust is -not well e '.35 "
am.mo and Takeda (1994) estimated a minimum thickness of ~ 8 km basedcgns'uamed'
f)llng and exsolution of pyroxene in a cumulate eucrite. This estimatl; is co s "i moc'lel
126 oft.he largest Vestoid with eucrite-like spectra (diameter of < 10 km B'nSlSl!tm oy
). Ruzicka et al. (1997) estimated a 24—41 km-thick eucritic c_rust, as;ur:i'lliz 1?12(: 1)1(1';

asteroid had an Al,O3; abundance > ais
2 greater than ch o . .
jould have a crust ~ 19 km thick. SmEEIG, o DIRHGRHS By aeold

Thermal and Impact History of Vesta

HED mcteoﬁtes have experienced thermal metamorphism. Takeda et al. (1997) al
b;l l1‘mpafc[s m;o a hot crust could account for global metamorphism Bakjn'g of eucritre-:
by heat from later, superjacent flows (Warren 1997) i
jacel or from underlying plutons that
_cdo'l, Zteep therlfnal gradient in the crust (Yamaguchi et al. 1996) have al%]:) bcc: prf;:
ver, cooling rates calculated for thermal relaxation of : —
_ he deep crust
an those estimated from ion i - . e
pyroxene exsolution in metamorphosed eucrites (S
. ch
:,l(lum 2005), su.gge:sung that they cooled in thick ejecta blankets. S
Eg:?;nceddmajgr impacts between 4.1 and 3.5 Ga, as recorded by “°Ar-*° Ar shock
ogard and Garrison 2009). Itis unclear wheth 2 isi
B o e e ether one such collision produced
south pole crater, or whether the Vestoi
; ids were excavated
A i::u:; rquch later. I‘mpacls produced breccias composed of eucrite and diogeniete
su_gges‘[rsyizg p;oporuons. Alt.hough a few exotic clasts appear in howardites, their
at the HED breccias may provide a representative sampling of V,CSI'.a’S

“magnetic ani
‘éﬁ[s ’ (‘;a?{:z;):opyt n;e;ztg:ments on HEDs imply deformation after the last brec-
i caetal. ). It 1s unclear whether the i i
L e —— magnetic field was internally
_ ust have been partly molten for a consi i
onsid
& §ra;ed through hypervelocity impacts. erable period:
B8 Of cosmic. ,
.imp:;uc ray exposure ages that contain all the HED rock types might im-
s that sampled Vesta’s vertical stratigraphy. However, these ages are

Younger than *“Ar-** Ar a i
e ges and may reflect impacts i i
*asteroids that liberated individual HEDs. BARE R aRkar Vs
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5.6 Regolith Formation on Vesta ?'an also constrain the mixing ratios of eucrite and diogenite in the large areas to be ch

‘ . . . , : ically analyzed by GRaND (Usui and McSween 2007). The discovery of 1l o
Judging from spectroscopic observations that suggest porions of Vesta’s surface are dom. exoli ry of small amounts of

} ¢ materials such as carbonaceous chondrite cl . .
inated by eucrite or diogenite (Binzel et al. 1997; Gatfey 1997), it would appear that im. glasses (Barrat et al. 2009), and Fe-rich highg fc:i ;ffiiisn(tg?:dnzll:; tel(a;{(. 2(1003)(,11:‘fr£ch impact
' ' s (Ikeda and Takeda 1985)

acts have not produced a lobally homogenized regolith covering the surface. Warren g  howardite breccias su . , '

gl. (2009), howivcr, sugges%ed that the heterogencous surface is a modification, late in the :Sally e fTOH%iiiifofsiségec:li;gne;]?atcnalS that might be del.{:.cted spectroscop-
asteroid’s history, caused by ejecta from the south pole impact (they do not accept an ancien librated, and chronological and bulk com oﬁf mai{ allow clratcr. densities on Vesta to be
age for this basin). Based on petrographic differences among HED polymict breccias, Saiki - fo the construction of more rigorous thcrmzﬁ - 110“_3 constraints from HEDs are essential
and Takeda (1999) suggested that the parent body is heterogeneous on local scales and tha Working backward, from samples to orbital (;Jbuuon models.

most breccias formed in the proximity of impact craters. Several other observations suppor « challenging as working forward was for the MSCWZUOHS_and measurements, may prove
the idea that the regolith is not as well developed, as processed, Or as homogenized as on the \asta by the Dawn spacecraft would not be nearl on, but V\flthout HEDs the exploration of
Moon. Howardites are less “mature” than lunar regolith samples, as indicated by the scarcity. y so revealing.

of agglutinates and grains with solar-flare tracks (Caffee et al. 1988). Also, only a minor pro-
portion of HED polymict breccias contain implanted solar wind gases (Bischoff etal. 2006:
Warren et al. 2009) and are thus true regolith samples, implying that gardening has not been
extensive. The higher cratering rate in the asteroid belt is expected to have caused rapid
wurnover of surface materials (Housen and Wilkening 1982), perhaps preventing a signifi
cant portion of HED polymict breccias from becoming gas-rich.
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s r. This

work was partly supported by NASA Cosmochemist
o R e istry grants NNG06GG36G (HYM), RTOP 344-31-10-18

References

A Barrat, A, Yamaguchi, R.C. Greenwood, M. Boh i

0 e . Bohn, J. Cotton, M. Benoit, l.A. Franchi, Geochim. Cos-
JA Barrat, A. Yamaguchi, M. Benoit, J. Cotton, M. B i

B il , M. Bohn, Meteorit. Planet. Sci. 4

‘J‘TA..Ban-al, M. Bohn, Ph. Gillet, A. Yamaguchi, Meteorit. Planet. Sci. 44 359?20039’)1759 ke

AW Beck, H.Y. McSween, Lunar Planet. Sci. XXXIX, CD #1391 (20(}8,)_

V. Beck, H.Y. McSween, Meteorit. Planet. Sci. (2010, in press)

ik ,,]:3"1}1:'33’1 N.J. Boynton, Meteoritics 27, 387 (1992)

‘A Bischoff, ER.D. Scott, K. Metzler, C.A. Goodrich, in Meteorites and the Early Solar System I, ed. by

DS, Lauretta, H.Y. McSween (University of Ari
e s S Arizona P
inzcl, S. Xu, Science 260, 186 (1993) . ona Press, Tucson. 2000). . 675

¢ Implications of HEDs for the Dawn Mission

HEDs provide a detailed geologic framework, summarized in Sect. 5. for Dawn’s explo-
ration of Vesta. It is instructive to compare the exploration of Vesta with that of the M
Before obtaining lunar samples, geologic maps of the Moon had already been made and
stratigraphic (relative-time) framework was in place. Lunar samples subsequently retu
by the Apollo astronauts revolutionized interpretations of the Moon’s formation an i )

O?Ogic hils)tory, provided geochemical ground truth for orbital remote-sensing, and ¢ . [:::r}owéju?géii iCTEEgEE? E};h Zellner, A.D. Storrs, E.N. Wells, [carus 128, 95 (1997)
lished an absolute timescale for crater-counting chronology. For Vesta, we have the oppost I Blichert, M. Boyet, P. Telouk, F. Alt;aréde,rgﬁhj'r’lféi?ngjn{j - ‘Sz' Meyer, Science 316, 1178 (2007)
situation—we already have a large collection of samples in hand, but without geologic €€ Bogard, D H. Garrison, Meteorit. Planet. Sci. 38, 669 (2603?1. v 17 0

text. From HEDs we understand a great deal about Vesta’s differentiation, magmat ggkﬂ;db DI-)HF-S[;TSO“.JL}I:HW Planet. Sci. XL, CD #1131 (2009)

impact history, and chronology. But observations of the body itself, from Earth-based itke. D, l'\}esmr:;“ﬁé GE::;S rical\;us t]"dds! 301 (2000)

scopes and the Hubble Space Telescope, provide only hazy glimpses into its geologl wman, M.N. Spilde, 1. Papike: M'e[egﬁit.‘ ;gnhe?-gé?3lzn§géN?;3re 439, 821 (2005)
compositional complexities. - wﬁag 1.J. Papike, M.N. Spilde. Am. Mineral. 84, 1020 (’]999)( L

Besides providing a working geologic framework with which the interpretations’ e [:"Bs ?i?cmm.(:esmochjm Acta 48, 111 (1984)

Dawn’s data should accord, how will HEDs influence the exploration of Vesta? .D.J. Lindstrom, D.W. Mittlefehldt, C. Koeberl, W.U. Reimold, Metcorit. Planet. Sci. 35, 1321
edge of HED mineralogy will complement mineral .dentifications by Dawn’s VH_H RE
spectrometers. The laboratory spectra of eucrites (Mayne et al. 2010) and diogenties
bine et al. 2001) having known mineral proportions and compositions can aid in iden
the petrologic units to be mapped on Vesta, as well as quantifying the mixing Pro¥
of eucrite and diogenite in howardite terranes. The characteristics of diogenites &
ing olivine (Beck and McSween 2010) may be important in interpreting spectrd @
bearing materials exposed within the south pole crater and elsewhere (Binze! :
Gaffey 1997). A knowledge of olivine compositicms-both those measured 10 f-?l
and predicted from melting and crystallization models—should allow the dei_eﬂm
the origin of any olivine-bearing rocks exposed in the crater. HEDs also provics=
straints on the thickness of the crust (Miyamoto and Takeda 1994; Ruzicka ¢t

anan, M E,
i Zolensky, R.C. Greenwood, I.A. Franchi, Meteorit. Planet. Sci. 44, A42 (2009)

ne, P.C. Buchanan, R.P. Binzel, S.] iroi oy
3 o L ,S.J.Bus, T inri i
L Sci. 36, 761 (2001) us, T. Hiroi, J.L. Hinrichs, A. Meibom, T.J. McCoy, Meteorit.

...L‘.h. Proc. Lunar Sci. Conf. 6, 469 (1975)

chl, R.S. Rajan, in Mereori
h R n, tes and the Early § i
QR i escories and | pf- ivmoiar System, ed. by L.F. Kerridge, M.S. Matthews

ee, IN. Goswami - i
e r Ken;rii,dCéMM 2ohenbu1g, K. Mam, R.C. Reedy, in Meteorites and the Early Solar
i AgJ, .S. Matthews (University of Arizona Press, Tucson, 1988), p. 205
, A. Jambon, Lunar Planet. Sci. XXXVIII, CD #1714 (2007) P

V. BQ)’H[O 1, R.W. Bild, J. Ki i I asson, Proc mar Sci. Conf. 7, 3501 976
R a mberlin, J Wi . i

i L Son, .

i) S.I. lthIdC]l, Earth Planet. Sci. Lett, 126, 421 (1994) . o ( )

magn i
ﬂfkobl\;’l,{l;r?gake, Geochim. Cosmochim. Acta 41, 1271 (1977)
-J. Tholen, W.K. Hartmann, J.F. Bell, R.H. Brown, lcarus 89, 1 (1991)

. S - Cook, A. S ‘rohli
and size of the core (Righter and Drake 1997) that might be tested with I.i"ﬁ' 'ans 0, Astrophys. J.aﬁc;lgalzzr&z%bg)mhhch, 2L Dt M. Wadhwa. A Ponmand,. T Ransenss
craters and gravity science from spacecraft tracking. The chemical compositio T Prinz, C.E. Nehru, G E. Harlow, Lunar Planet. Sci. XI1, 211 (19

z 5 Sek 5 1981)

Dameimtnd Fanem tlan nciemal



H.Y. McSween Jr. et g

——

{iD Meteorites and Their Relationship to the Geology of Vesta

—_—

§.S. Delaney, H. Takeda, M. Prinz, C.E. Nehru, G.E. Harlow, Meteoritics 18, 103 (1983) o )
1S, Delaney, M. Prinz, H. Takeda, J. Geophys. Res. 89, C251 (1984) “N:g(?_: (éogﬁ? Ketcham, L. Wilson, G.K. Benedix, M. Wadhwa, A.M. Davis, Earth Planet. Sci. Le
K. Domanik, S. Kolar, D. Musselwhite, M.J. Drake, Meteorit. Planet. Sci. 39, 567 (2004) D Mitilefehldi, Geochini, € _ . Sci. Lett. 246,
M.C. Domeneghetti, G.M. Molin, M. Stimpfl, M. Tribaudino, Am. Mineral. 80, 923 (1995) DVW‘ Mirt]efeh]dzl Goochin. CUSmOCh].m_ Acta 51, 267 (1987)
G. Dreibus, H. Winke, 7. Naturforsch. 35a, 204 (1980) D.W: Mittlefehldt: Mewom.,p]s;go;hl.ngsf-\cta 58, 1537 (1994)
0. Eugster, T. Michel, Geochim. Cosmochim. Acta 59, 177 (1995) DjW Viittlefehldt, Meteorit, P] ‘ GC!- , 901 (2000)
O, Bugster, G.F. Herzog, K. Marti, M.W. Caffee, in Meteorites and the Early Solar System 11, ed. by D§ [):Wl Mittlefehldt: i P]'anci'ﬂ:::-{;)-(‘;?, 665 (2005)
Lauretta, H.Y. McSween (Unwers_lty of Arizona Pres_§. Tucson, 2_006), p. 829 _ oW Mittlefehldt, M.M. Lindsu.-(;m .in » I.X, CD #1919 (2008)
R.J. Floran, M. Prinz, PF. Hlava, K. Keil, B. Spettel, H. Wiinke, Geochim. Cosmochim. Acta 45, 2385 (1981 W Mittlefehldt, M.M. Lindst B roc. NIPR Symp. Antarctic Met., vol. 6 (1993), p. 268
G.W. Fowler, 1.J. Papike, M.N. Spilde, C.K. Shearer, Geochim. Cosmochim. Acta 58, 3921 (1994) B.W. Mmlefehld:’ M’M‘ Lind‘ rom, Gel}ch}m. Cosmochim, Acta 61, 453 (1997) o
G W. Fowler, C.K. Shearer, 1.J. Papike, G.D. Layne. Geochim, Cosmochim. Acta 59, 3071 (1995) D Mitlcehldt, T.J. MCCG;T o %z(fc{]rlfh C,:\) Szo.cmm' Acta 67. 1911 (2003)
M.J. Gaffey, lcarus 127, 130 (1997) » ) «d. by .. Papike, vol. 36 (Min;era] g AL dChf:l’, in Planetary Materials, Reviews in Mineralog
1. Gattecceca, P. Rochette, M. Gounelle, M. Van Gilleken, Farth Planet. Sci. Lett. 270, 280 (2008) oW Mitlefehid, A W. Beck, C-T.A e oc. Am., Washington, 1998), p. 195 8Y,
A. Ghosh, HY McS_ween‘ lcarus 12.34, 187 (1998) M Miyamoto, H.’Takeda, E‘ar![h é’laﬁe.[ Scei‘ EJL l\lflchween, Lunar Planet. Sci. XL, CD #1038 (2009)
R. Gomes, H.F. Levison, K. Tsxgams‘ A. Morbedelli, Nature 435, 466 (2003) \{ Miyamoto. 1 Takeda, K. Tanai Mém Natl ] 2, 343 (1994)
R. Gooley, C.B. Moore, Am. M1nera}. 61, 373 (1976) _ . ) 4 Miyamoto, M.B. Duke, DS, MéKa ] e . Inst. Polar Res. Spec. Issue 8, 185 (1978)
M. Gounelle, M.E. Zolensky. J.-C. Liou, P.A. Bland, O. Alard, Geochim. Cosmochim. Acta 67, 507 (2003 1. Morgan, H. Higuchi, H. Takah h_}'= . Geophys. Res. 90, C629 (1985)
R.C. Greenwood, LA. Franchi, A. Jammbon, P.C. Buchanan, Nature 435, 916 (2005) % NBWSOI‘;’E I Geophyls Req 2 aéﬁ’* J. Hertogen, Geochim. Cosmochim. Acta 42, 27 (1978)
R.C. Greenwood, LA, Franchi, A. Jambon, 1.A. Rarrat, T.H. Burbine, Science 313, 1763 (2000) e B o M), Drake, Geocliim C103 (1985)
H. Haack,_ K.L. Rasmussen, PH. Wz}r}"en, J. Geophys. Res. 95,511 1 (1990) L& Nyquist, H. Takeda, é.M_ Bans.a] ém‘gcigﬂ Acta 46, 2483 (1982)
T.A. Harriott, R H. Hewins, Meteoritics 19, 15 (1984) . : (1986) , C.-Y. Shih, H. Wiesmann, J.L. Wooden, J. Geophys. Res. 91, 8
R H. Hewins, in Workshop on Lunar Breccias and Sotls and Their Meteoritic Analogs, ed. by G.J. Taylse | LE Nyquist, H. Weismann, Y. R . - .91, 8137
L.L. Wilkening (Lunar and Planetary Institute, Houston, 1982), p. 44 ) _ ! LE Nyquis{, ¥ Resss, H. Sice r::;i (C:‘\(f 2?,‘-“' L.E. Borg, Meteoritics 32, A101 (1997)
R.H. Hewins, H.E. Newsom, 1n Meteorites and the Early Solar System, ed. by L.E. Kerridge, M.S. Matthews LB Nyquist, T, Kleine, C.-Y. Shi Y R. . Shih, H_. Takeda, Earth Planet. Sci. Lett. 214, 11 (2003)
(Uni\_fersity of Arizona Press, Tucson, 198_8), p.73 B & Fredriksson, S, Raja£1 b ;‘353, Geochim. _Cfpsmochim. Acta 73, 5115 (2009)
R.H. Hewins, G.C. Ulmer, Geochim. Cosmochim. Acta 48, 1555 (1984) "Neill, J.S. Dela.ne); Meteorit’ics. 17002?“’ Weteontion 25, a0
A. Holzheid, H. Pajmf:. Mgteom. Planet. Sci. 42, 1817 (20(_)7} i Palme, W. Rammensee,‘in Proc. Lu ’”'Pl 5 (198.2)
K R. Housen, L.L. Wilkening, Aanu. Rev. Barth Planet. Sci. 10, 355 (1982) pike. J.M. Karner, C.K Stk ”f{m A‘j[’?‘*”. Sei. Conf, vol. 12B (1981), p. 949
W. Hsu, G. Crozaz, Geochim. Cosmochim. Acta 60, 4571 (1996) £4f, Pieters, R P. Binzel, D. Bogard ’T H ?neral. 88,‘469 (2003)
Y. Ikeda, H. Takeda, ]. Geophys. Res. 90, C649 (1985) | 1 AU Symp. 229, 273 (2005) . T. Hiroi, D,W. Mittlefehldt, L. Nyquist, A. Rivkin, H. Takeda, P
A.J. Irving, S.M. Kuehner, D. Rumble, A.C. Hupf':_. G.M. Hupé, Lunar Planet. Sci. XXXIV, CD #1502 (20038 A Prinzhofer, D.A. Papanastassious, G.J. Wi ) : , Proc.
S.B. Jacobson, GJ Wasserburg, Earth Planet. Sci. Lett. 67, 137 (1984) B D1 Garrison, D.D. Bog;a.rd‘ G ssserburg. Geochim. .Cosmochim. Acta 56, 797 (1992)
J.H. Jones, Geochim. Cosmochim. Acta 48, 641 (1984) ] Blics Lunar Planet, Sci. XXXII , G. Badhwar, A.V. Murali, J. Geophys. Res. 96, 19321 (1991
1.H. Jones, in A Handbook of Physical Constants: Rock Physics and Phase Relations, ed. by T.J. Ahrens (A . o - CD #1765 (2001) e )
Geophys. Union, Wwashington, 1993), p. 73
A.J.G. Jurewicz, D.W. Mittlefehldt, J.H. Jones, Geochim. Cosmochim. Acta 57,2123 (1993)
AJ.G. Jurewicz, D.W. Mittlefehidt, J.H. Jones, Geochim. Cosmochim. Acta 59, 391 (1995)
K. Keil, in Asteroids 11, ed. by W. Bottke, A. Cellino, P. Paoticchi, R.P. Binzel (University of Arizond
Tucson, 2002), p. 573 |
T. Kleine, K. Mezger, C. Munker, H. Palme, A. Bischoff, Geochim, Cosmochim. Acta 68, 2935 (2004)
T. Kleine, M. Touboul, B. Bourdon, F. Nimmo, K. Mezger, H. Palme, §.B. Jacobsen, Q.-Z. Yin, AN, Hil
day, Geochim. Cosmochim. Acta 73, 5150 (2009)
A.S. Konopliv, C.E. Yoder, E.M. Standish, D.-N. Yuan, W.L. Sjogren, lcarus 182, 23 (2006)
M.J. Krawczynski, L.T. Elkins-Tanton, T.L. Grove, Lunar Planet. Sci. XXXIX, CD #1229 (2008)
A. Kumar, K. Gopalan, N. Bhandari, Geochim. Cosmochim. Acta 63, 3997 (1999)
D. Lazzaro, T. Michtchenko, J M. Carvano, R.P. Binzel, S.J. Bus, TH. Burbine, T. Mot
C.A. Angeli, A.W. Harris, Science 288, 2033 (2000)
M.M. Lindstrom, D.W. Mittlefehldt, Meteoritics 27, 250 (1992)
K. Lodders, Astrophys. J. 591, 1220 (2003)
K. Lodders, B. Fegley Ir, The Planetary Scientists’ Compuanion (Oxford Univ. Press, New Yo
371 pp.
G.W. Lugmair, A. Shukolyukov, Geochim, Cosmochim. Acta 62, 2863 (1998) "
F. Marzari, A. Cellino, D.R. Davis, P Farinella, V. Zappala, V. Vanzani, Astron- Astrophys. 316, 2468
B. Mason, Mereorites (Wiley. New York, 1962), 274pp. ) ¥
B. Mason, in Extra-Terrestrial Matter, ed. by C.A. Randall Jr. (Northern Ilinois University Pressas
1969), p. 3
B. Mason, Am. Mus. Novit. 2135, 13 (1963)
R.G. Mayne, H.Y. McSween, T.J. McCoy, A. Gale, Geochim. Cosmochim. Acta 73, 794 (2009
R.G. Mayne, 1.M. Sunshine, H.Y. McSween, T.J. McCoy, CM. Corrigan, A, Gale, M.D: D
Planet. Sci. (2010, in press)
T.B. McCord, 1.B. Adams, T.V. Johnson, Science 168, 1445 (1970)

hln;,:" M.J. Drake, Meteorit. Planet. Sci. 32, 929 (1997)
icka, G.A, Snyder, L.A. Taylor, Meteorit. Planet, Sci. 32, 825 (1997)

Sack, W.]. Azeredo, M.E. Lips i
_ , MLE. Lipschutz, Geochim. Cosmochi
H. Takeda, Meteorit. Planet. Sci, 34, 271 (l99%h)mmhlm. R LR

wartz, .S, McCallum, Am. Mineral. 90, 1871 (2005)

cott, R.C. Gre &) i
reenwood, I.A. Franchi, .S, Sanders, Geochim. Cosmochim. Acta 73, 5835 (2009a)

eott, D.D. Bogard " Bottke, G.J. Taylo
. Y. , Ll lor, R.C. anchi i
Ly ]W FL : ’ I y - R( (& DGTPSEHWODG, I.A. Franchi, K. Keil, N.A. Moskovitz,

earer, G.W. Fowler, 1.J. Papike, Meteorit. Planet. Sci. 32, 877 (1997)

lyukov, G.W. Lugmai i
: , G.W. Lugmair, Earth Planet. Sci.
ar, Meteoritics 28, 105 (1993) HAR DR

san, J.N. Goswami, N. Bhandari, Sci
: -N. , Science 284, 1348
ochim, Cosmochim. Acta 41, 587 (1977) (9

ishine, S.J. Bus, T.J. McC i
. | oy, T.H. Burbine, C.M. Corrigan, R.P. Binzel, Meteorit. Planet. Sci. 39

he-Dinz, M.

eochim. Cosmochim. Acta 55

i . ,35(1991

.Mfl:feonl. Planet. Sci. 32, 841 (]997)( :
Graham, Meteoritics 26, 129 (1991)

Ishii, T. Arai. M. Mi
il » M. Miyamoto, Antarct. Met.
/A, Masuda, Nature 343, 540 (1990) AT

Carlso i
n, N.Z. Boctor, Geochim. Cosmochim. Acta 61, 1713 (1997)

R.P. Binzel, M ) T W
EEs Whhol. Gaffcy, A.D. Stoi E i
o . b i) e 53 N. Wells, B.H. Zellner, Science 277, 1492 (1997)

M.J. Drak
g, La?ll;irgt‘t_l.geophys, Res. 90, C619 (1985)
f A i 3 alie
L , D. Xirouchakis, Earth Planet. Sci. Lett. 219, 189 (2004)

- Birck, C.J. All

v : CJ Allegre, C. Gopel, D. Ulfbec ‘ i

e ! pel. D. eck, Geochim. Cos 7 )

M, V. en, Meteorit, Planet. Sci. 42, 255 (2007) mochim. Acta 7, 3146 (008

- Tweari, B.S. Paliwal Tri
-S. Paliwal, R.P. Tripathi, Hyperfine Interact. 186, 181 (2008)

171
Danvintad fram tha tnnena 1



H.Y. McSween Jr. et ) gpace Sci Rev (2011) 163:175-249
—— | pol10.1007/s11214-011-9852-2

N

F Vilas, A.L. Cochran, K.S. Jarvis, lcarus 147, 119 (2000) |

ai : Sci. XXVI, 1453 (1995) ’ . A
o wad];lwa' i\ghL:EE:gm% uidrMPl?;:flis. G.W,. Lugmair, D.W. Mittlefehldt, Geochim. Cosmochim. Acz
M. Wadhwa, A. Shul L AM.

iy el R.W. Carlson, in Meteorites and the Early Solar System 11, ed. by D.S. Lauretty, The DaWTl Spacecraft
. Srinivasan, R /W. Cari A
M w:[dl‘}w:icc‘;ween (University of Arizona Press. Tucson],(20(}6G}. \5 ’,Li L_:ngair’
M Waﬁ\iwa Y. Amelin, O. Bogdanovski, A. Shukolyukov, G.W.

mochim. Acta 73, 5189 (2009)

1
PE. Janney, Geochim. Cog.

yalerie C. Thomas - Joseph M. Makowski - G. Mark Brown - John F. McCarthy -

P Waren, Mt 55 985 (997 o pominick Bruno - J. Christopher Cardoso - W. Michael Chiville - Thomas F. Meyer -
P G SP? 3?’3;5 ;:,2&;1)1 et | Kenneth E. Nelson - Betina E. Pavri - David A. Termohlen - Michael D. Violet -
P.H. Warren, P. Gessler, Lunar Planet. 5S¢t ¥

‘ R 4 . Williams
PH. Warren, E.A. Jerde, Geochim. Cosmochim. Acta 51,713 (1987) nar Planet. Sci. Conf., vol. 20 (1990); Jeffrey B

P H. Warren, E.A. Jerde, L.F. Migdisova, A.A. Yaroshevsky, in Proc. Lu |

1 him. Cosmochim. Acta 73, 918
PH ‘5\";:21‘?&1&, G.W. Kallemeyn, H. Huber, E Ulf-Mgller, W. Choe, Geocl |

2 it. Planet Sci. 32, 391
(2009) ken, P. Scherer, L. Schultz, Meteorit ;
4 der Berg, T. Loeken, F.
K.C. Welten, L. Lindner, K. van

997 . i 16 (2009)
e (\L‘?Mﬁ' it AHW#S;C;’S Eé‘ii?éi!f‘é’;f% ii;ni: e Le(tt. 221, 373 (2004)
EI}}xlll(;f::le::g‘A GBOCh;m-y Cosmochim. Acta 37, 1983 ég)n) Abstract The Dawn spacecraft is designed to travel to and operate in orbit around the two
A. Yamaguchi, G.J. Taylor, K. Keil, lcarus ok BTS::CDLL Planet. Sci. 32, Al44 (1997) _ Jargest main belt asteroids, Vesta and Ceres. Developed to meet a ten-year life and fully
A. Yamaguchi, G.I. Taylor, K. Keﬂ.‘lDéD'FiZ%mGj Crozaz, L.E. Nyquist, D.D, Bogard, D.H, Garrison. 10§ redundant, the spacecraft accommodates an ion propulsion system, including three ion en-
A, Ya[T;%:ci}a{i, g‘tj‘siﬁsrc KYK;[] 1h Ceochi‘m. Cos_mochim- Scta (-5,1\]35:; 157;50:_‘) Haramura, K. Misita es and xenon propellant tank, utilizes large solar arrays to power the engines, carries the
5 Yamagu,chi., RN, Clayton, TK. Mayeda, M. Ebihara, oGy S seience instrument payload, and hosts the hardware and software required to successfully

H. Kojima, K. Nagao, Science 296, 334 (2002) li. Meteorit, Planet. Sci. 32, 855 (1997) ¢ollect and transmit the scientific data back to Earth. The launch of the Dawn spacecraft in
M. Zema, M.C. Domeneghetti, G.M. Mﬂlt:n' :ﬁTSZ:{f). Mittlefehldt, Meteorit, Planet, Sci. 31, 518 (1956) Sepiember 2007 from Cape Canaveral Air Force Station was the culmination of nearly five
M.E. Zolensky, M. Weisberg, P.C. Buchanaf = §e‘ﬂrs of design, development, integration and testing of this unique system, one of the very
{ew scientific spacecraft to rely on ion propulsion. The Dawn spacecraft arrived at its first

ination, Vesta, in July 2011, where it will conduct science operations for twelve months
ore departing for Ceres.

Received: 23 August 2011 / Accepted: 28 October 2011 / Published online: 3 December 2011
@ Springer Science+Business Media B.V. 2011

ywords The Orbital—JPL partnership - Early spacecraft concept evolution - Spacecraft

Active Analog

Attitude Control

Attitude Control Electronics

Attitude Control Subsystem

Advanced Spaceborne Computer Module Bus Interface
Attitude and Power Electronics

Autonomous Redundancy Management

Assembly, Test, and Launch Operations

25 (Bd) - G.M. Brown - B.E. Pavri

n Lﬂboramry, California Institute of Technology, Pasadena, CA 91109, USA
“Tie.C thomas @jpl.nasa.gov

ki JF McCarthy - D. Bruno - J.C. Cardose - W.M. Chiville - T.F. Meyer - K.E. Nelson -
en - M.D. Violet . ].B. Williams

s Corporation, Dulles, VA 20166, USA

Dnmeintnd Femen thn Snamen 1



	SKMBT_C28013030408250
	SKMBT_C28013030408260
	SKMBT_C28013030408270

