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1.2.8 THE BASAL TIC METEORITES 

1.2.8.1 Introduction 

The known range of basaltic volcanism in the solar 
system is considerably extended in space and time by 
studies of basaltic material in meteorites. This material 
occurs in various types of meteorites: eucrites and 
shergottites consist entirely of basaltic material, 
whereas howardites and mesosiderites contain basaltic 
material variously mixed and metamorphosed with 
other types of materials. The eucrites, most of which are 
monomict breccias, are the most abundant of the basalt
ic meteorites. The eucrites crystallized 4.54 ± 0.02 b.y. 
ago (see Chapter 7) in magmatic events that occurred 
largely within 30 ± 20 m.y. after the earliest (dated) 
event in our solar system, which was the formation of 
the refractory particles now included in the Allende 
carbonaceous chondrite. Thus, the eucrites are the old
est known basalts and are basalts which may have 
formed by partial melting of primitive (i.e ., little differ
entiated) condensed solar material. Investigations of 
the eucrites can lead to an understanding of very early 
magmatic processes and can be used to constrain hypoth
eses on the nature of their source material, and thereby 
the processes of condensation and accretion in the early 
solar system. Only small samples of a limited number of 
eucrites are available to us on Earth. We lack any direct 
information on their geologic setting, except that we 
can infer that most of them crystallized close to a plane
tary surface. The parent body or bodies from which the 
eucrites are derived have not been identified, although a 
strong argument can be made in favor of their deriva
tion from asteroids. A specific asteroid, 4 Vesta, has 
been cited as a possible source for the eucrites (Consol
magno and Drake, 1977 ), based upon infrared spectro
photometric observations of its surface (McCord et al., 
1970; Larson and Fink, 1975). 

Most eucrites are pyroxene-plagioclase rocks with 
the textures of rapidly cooled melts . They occur as 
unbrecciated basalts or, more commonly, as monomict 
breccias. A few eucrites have coarser, cumulate-like 

textures . Basalt fragments occur also as clasts in how
ardites and in mesosiderites. Howardites contain a 
variety of clast types from fine-grained basalts to 
coarse, monomineralic fragments of pyroxene and pla
gioclase with rare exotic fragments, including carbo
naceous debris (Wilkening, 1976). Howardites have 
been interpreted as polymict regolith breccias, of which 
eucrite and diogenite fragments are prominent compo
nents. Diogenites are orthopyroxenites, most of which 
are monomict breccias, that may have formed initially 
as cumulates or as residua from partial melting events . 
Mesosiderites are stony-iron meteorites, half metallic 
iron and half silicate. The silicate portion is complex, 
but commonly contains a high proportion of eucritic 
material. Most investigators believe that eucrites, how
ardites, diogenites and the silicate portions of the meso
siderites are genetically related, but opinions differ as to 
the nature of the relationship. 

The meteorites Shergotty and Zagami constitute a 
compositionally-distinct group of basaltic meteorites, 
the shergottites. These are unbrecciated, pyroxene
feldspar rocks, which differ from the eucrites in bulk 
composition, in mineral composition, and in having 
crystallized under more oxidizing (Earth-like) condi
tions . The shergottites are believed to be derived from a 
parent body which is distinct from that of the eucrites , 
and which has produced basaltic melts with a crystalli
zation age of 0.65 b.y. (Nyquist et al., 1979b), which 
would be younger than any other extraterrestrial basalt 
yet sampled. A possibly related meteorite , ALHA 
77005, contains substantial amounts of olivine, but other
wise is mineralogically similar to Shergotty and appar
ently has a young crystallization age (Nyquist et al., 
1979a). 

Other achondrites, mostly unique occurrences such 
as the nakhlites, angrites , and chassignites (Mason, 
1962), apparently have been formed by igneous pro
cesses. These are ultrabasic materials which have not 
been shown to have close genetic relationships to either 
eucrites or shergottites, although Stolper et al. ( 1979) 

Note: Eu = eucrite: Ho = howardite; Di = diogenite; Sh = shergott ite. lal Classifica tion according to Mason et al. ( 1979) or from description 
fo r meteorites discovered since 1962. lbl Bp = polymict breccia; Bm = monomict breccia; NB = not brecciated. lei E = equilibra ted; 
U = unequil ibrated; C = cumu late; R = recrystallized. id) Reference to descriptive classification only (petrography or chemistry) ; (a) Mason 
et al. ( ! 979); (b) Lomena et al. ( 1976); (c) Takeda et al. ( 1978a); (d) Olsen et al. ( 1978); (e) Antarctic Meteorite Newsletter V. 2 No. 3. 1979. 
(g) LaCroix 11926); (h) Duke and Silver ( 1967); (i) Zavaritskii and K vasha ( 1952); (j) Mason ( 1967); (k) Wahl ( 1952); (I) Mason and Wiik ( 1966); 
(m) Steele and Smi th ( 1976); (n) Bunch et al. (l 976); (o) Fredriksson and Keil (l 963); (p) Stolper (l 977); (q) Reid ( 1974); (r) Jerome and Christopher 
Michel-Levy ( 197 l ); (s) Hutchison et al. ( 1977): (t) Lovering ( 1975); (u) Frost (l 97 l); (v) Hess and Henderson (1949); (w) Binns (l 967): (x) Lange 
and Keil ( 1976); (y) Foshag ( 1938); (z) Stolper and Mcsween ( 1979); (aa) Smith and Hering ( 1979); (bb) Engelhardt ( 1963); (cc) Takeda et al. 
( 1978b); (dd) Takeda ( 1979). 
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Table 1.2.8.1 Basaltic material in meteorites. 

Meteorite Class!•l Structure!bl Eucrite1cl Reference1dl 
Type 

Adalia Eu NB E (a) 
Aioun El Atrouss Eu/Di Bp E (b) (c) 
Allan Hills-76005 Eu Bm u (d) 
Allan Hills-77302 Eu Bm u (e) 
Allan Hills-77005 Sh NB C (e) 
Allan Hills-78006 Ho Bp (f) 
Allan Hills-7 813 2 Eu Bm E (f) 
Allan Hills-78 I 58 Eu Bm E (f) 
Allan Hills-78165 Eu Bm E (f) 
Bereba Eu Bm E (g) 
Bholghati Ho Bp (a) 
Bialystok Ho Bp (a) 
Binda Eu Bm C (h) 
Brient Ho Bp (i) 
Bununu Ho Bp (j) 
Cachari Eu Bm E (k) 
Chaves Ho Bp (h) (a) 
Chervony Kut Eu NB E (k) 
Emmaville Eu Bm E (a) 
Frankfort Ho Bp (I) 
Haraiya Eu Bm E (h) 
lbitira Eu NB R (m) 
Jodzie Ho Bp (n) 
Jonzac Eu Bm E (k) 
Juvinas Eu Bm E (k) 
Kapoeta Ho Bp (o) 
Kirbyville Eu Bm E (a) 
Lakangaon Eu Bm E (p) 
LeTeilleul Ho Bp (k) 
Luotolax Ho Bp (k) 
Macibini Ho Bp (q) 
Malvern Ho Bp (r) 
Massing Ho Bp (a) 
Medanitos Eu NB? C? (s) 
Millbillillie Eu Bm E (a) 
Moama Eu NB C (t) 
Molteno Ho Bp (u) 
Moore County Eu NB C (v) 
Nagaria Eu Bm E this work 
Nobleborough Ho Bp (a) 
Nuevo Laredo Eu Bm E (h) 
Padvarninkai Eu Bm E (w) 
Palo Blanco Creek Eu Bm E (x) 
Pasamonte Eu Bm u (y) 
Pavlovka Ho Bp (h) 
Peramiho Eu Bm (k) 
Petersburg Ho Bp (h) 
Pomozdino Eu Bm ? (a) 
Serra de Mage Eu NB C (I) 
Shergotty Sh NB C (z) (aa) 
Sioux County Eu Bm E (h) 
Stannern Eu Bm E (bb) 
Washougal Ho Bp (h) 
Yamato-7307(e) Ho Bp (a) 
Yamato-74159 Eu Bp u (cc) 
Yamato-74356 Eu Nb E (dd) 
Yamato-74450 Eu Bm u (cc) 
Yamato-7501 I Eu Bp u (cc) 
Yamato-75015 Eu Bp u (cc) 
Yurtuk Ho Bp (a) 
Zagami Sh NB C (w) 
Zmenj Ho Bp (a) 
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discussed possible genetic relationships among the 
hypothetical parental materials for this range of 
meteorites. 

1.2.8.2 Reference Suite 

A current list of eucrites, howardites and shergot
tites (Table 1.2.8.1) contains 62 meteorites.• The sample 
suite assembled for this study has been chosen to exhibit 
the range of basaltic compositional and textural types 
among eucrites and shergottites. Selection was also 
constrained by sample availability; therefore, the suite 
is biased towards the larger falls, which are also those 
for which the most data already exist. Howardites have 
been excluded because of the small size of most of their 
clasts, and their polymict character. Six basaltic mete
orites were selected: Juvinas, Pasamonte, Stannern, 
Nuevo Laredo, Aioun el Atrouss and Shergotty. Detailed 
descriptions and new analytical data for these meteor
ites are given in Appendix A-8. 

In any plot of bulk eucrite compositions, there is a 
clustering of points around an apparent preferred com
position (e.g., see Fig. l.2.8.7). Eucrites with composi
tions close to this preferred composition are referred to 
here as main group eucrites. Juvinas is an example of 
the most common eucrite composition. The bulk com
position of Pasamonte is close to the main group, 
though with a slightly lower Mg/ (Mg + Fe) ratio. 
Most main group eucrites contain an equilibrated 
pyroxene assemblage consisting of pigeonite and augite 
with near constant Mg/ (Mg + Fe) ratios. In contrast, 
Pasamonte has strongly-zoned, unequilibrated pyrox
enes. Stannern is one of the most studied eucrites and is 
of particular interest because of its relatively high con
tent of incompatible trace elements. Compared with the 
main group eucrites, Stannern has a similar Mg/ 
(Mg+ Fe) ratio but higher contents of large-ion
lithophile trace elements and of alkalies. For example, 
Stannern has higher REE contents than Juvinas and 
has a negative europium anomaly. Nuevo Laredo was 
selected because it also has higher incompatible element 
concentrations than the main group eucrites, but this 
occurs in conjunction with a substantially lower 
Mg/ (Mg + Fe) ratio. Nuevo Laredo contains quench 
textures, and may be the most rapidly cooled of the 
eucrite melts. The inclusion of Aioun el Atrouss in the 
sample suite was governed by availability and by the 
virtual lack of any data on this unique meteorite. Aioun 
el Atrouss is a mixture dominantly of diogenite with 
distinct clasts of eucrite, which are evidence for a com
plex history following primary crystallization. Data are 
presented here only for the eucrite portion of Aioun el 

• :\1esosidentes and diogenites are excluded from Table /.2.8.1. 

Atrouss. The Shergotty meteorite was included as a 
representative of the shergottite class of meteoritic 
basalts and as a sample apparently derived from a dif
ferent parent body. 

For Juvinas, Pasamonte, Stannern and Nuevo 
Laredo, studies were made of individual clasts in the 
breccias in order to assess the amount of interclast 
variability. Where possible, large clasts with igneous 
textures were identified and were separated to provide 
subsamples of unequivocal melt fragments with no 
adhering matrix. These subsamples were analyzed by 
instrumental neutron activation. Portions were cut 
from the clasts and polished thin sections were made for 
petrographic and mineral chemical studies by electron 
microprobe. About 90 mg to I g of material remains 
from each of the analyzed clasts and is available for 
further study. 

1.2.8.3 Petrography of meteoritic basalts 

The meteoritic basalts contain calcic plagioclase 
and clinopyroxene with minor amounts of accessory 
phases that include orthopyroxene, silica (cristobalite, 
tridymite, quartz), phosphate, oxides (chromite, ilmen
ite, magnetite), sulfide (troilite), and metallic iron. 
Fayalitic olivine occurs in Ibitira and Shergotty. For
steritic olivine is present in ALHA 77005 and occurs as 
mineral fragments in some howardites, where it may 
represent a related cumulus or residual mineral. The 
eucrites and shergottites represent distinct basalt types 
and will be described separately below. 

Eucrite basalts 
The dominant minerals are calcic plagioclase 

( ~35%), pigeonite and augite ( ~60%), with about 5% of 
accessory phases (cristobalite, tridymite, quartz, chro
mite, ilmenite, troilite, metal). Hydrous phases have not 
been observed. Grain size ranges from amorphous or 
cryptocrystalline to coarse, and textures include a vari
ety of subophitic, variolitic (fan-spherulitic) and inter
sertal textures. Related rocks of possible cumulate 
origin have medium to coarse-grained equigranular tex
tures. For the most part, the following descriptions are 
based on individual rock fragments from brecciated 
meteorites. Some rock fragments are modified by shock 
processes; no modification of textures by weathering is 
observed. 

Vitric texture. Rare fragments of dark amorphous 
"glass" occur in the Nuevo Laredo meteorite , in which 
the fragments generally exhibit the finest-grained igne
ous textures found in the eucrites. Duke and Silver 



( 1967) show an example of such a glass containing a 
phenocryst of clinopyroxene. Other examples of this 
vitric material in eucrites contain small cavities, possi
bly vesicles (Fig. 1.2.8.la). This material is apparently 
structureless and is distinct from other vitric material 
apparently formed by shock processes, such as the 
irregular glass pods and veins in Stannern (Duke and 
Silver, 1967), Cachari (Fredriksson and Kraut, 1967), 
and Bereba, which also contain highly strained mineral 
fragments. 

Intersertal texture. This texture occurs in fine-grained 
fragments, principally in Nuevo Laredo, where grain 
sizes of 0.02- 0.2 mm are typical (Fig. 1.2.8. la). Pyrox
ene grains typically lie between plagioclase laths in this 
texture, rather than being penetrated by plagioclase. 
Vesicles are not present. 

Subophitic texture. Varieties of subophitic texture 
are the most abundant texture, and are found in all 
brecciated eucrites. Subophitic textures range from 
fine-grained to medium-grained varieties (Fig. 1.2.8.1 b,c). 
In these textures, plagioclase occurs primarily as laths 
or plates, growing into and partially surrounded by 
clinopyroxene. Accessory phases are concentrated in 
interstitial areas, where they commonly form a fine
grained mesostasis-like intergrowth with plagioclase. 
The textures are nonporphyritic. 

Two varieties of pyroxene crystallization are 
observed. In Pasamonte, pyroxenes have pigeonite 
cores, which are zoned outward toward either pigeonite 
or augite rims. Augite is texturally late. The pyroxenes 
do not contain exsolution Jamellae which are visible 
optically, but are exsolved on a submicroscopic scale 
(Takeda et al., 1976). In Juvinas, Nuevo Laredo, and 
Stannern, pigeonite is the predominant clinopyroxene 
(Nuevo Laredo has a small amount of primary augite) 
and does not show significant zonation. In these tex
tures, pyroxenes show exsolution lamellae ranging in 
size from barely visible in the microscope to several 
microns in width. 

"Vesicles" have been reported in the Juvinas mete
orite (LaCroix, 1926) but have not been observed by the 
authors in fragments with subophitic texture, which are 
dominant in that meteorite. 

Variolitic texture. A wide range of variolitic textures 
(also called fan-spherulitic, see Table 1.3.3.1) are pres
ent. Pasamonte, Y-74159, Y-74450 and Stannern show 
particularly good examples. In the finest-grained vario
litic textures, sheaves of pyroxene and plagioclase are 
closely intergrown into a felted mass. Patches of this 
sheaf-like texture are intergrown with coarser-grained 
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material in Y-74450. Coarser vanet1es occur with 
radiating plagioclase and pyroxene (Fig. 1.2.8. ld); 
unfortunately, these have not been seen in fragments 
large enough to observe the intervariole texture. The 
variolitic textures are not reported to be vesicular, 
except that the recrystallized meteorite Ibitira contains 
b9th cavities and a relict variolitic texture. Vesicles have 
been described in Ibitira by Wilkening and Anders 
(1975) and by Steele and Smith (1976). 

Porphyritic texture. Only one eucrite, Y-74450, con
tains basalt with distinctly porphyritic textures (Takeda 
et al., I 978a). In this texture, clinopyroxene cores, 
commonly equant in shape, are surrounded by a finer
grained, somewhat variolitic texture (Fig. 1.2.8. le). 
Although the fragments are small and modal statistics 
are poor, the porphyritic basalt appears to be richer in 
pyroxene than basalts with subophitic textures. 

Other textures. Rocks which appear to be cumulates 
have medium- to coarse-grained equigranular textures 
(Fig. 1.2.8.1 f). Evidence for preferred orientation of 
pyroxene grains has been reported by Hess and Hender
son ( 1949) and by Duke and Silver ( 1967). Exsolution 
lamellae are prominent in the pyroxenes, and the origi
nal pigeonite has partially or completely inverted to 
orthopyroxene (Hess and Henderson, 1949; Duke and 
Silver, 1967). The Sioux County meteorite contains 
some very coarse-grained rock fragments (grain size up 
to I cm). These have not been studied petrographically, 
but appear to fall between the subophitic and equigran
ular cumulate-like textures macroscopically. 

In the Aioun el Atrouss meteorite, irregular 
patches of granoblastic material are closely intergrown 
with subophitic basalt (Fig. 1.2.8. lg). This texture has 
been interpreted to represent recrystallized basalt brec
cia, in which the granoblastic material corresponds with 
recrystallized breccia matrix (Duke, 1978). Small rock 
fragments with granoblastic textures, which occur 
commonly in howardites, may represent similar recrys
tallized material. 

Shergottites 
The textures of Shergotty and Zagami, the two 

examples of the shergottite class, consist of 75% pris
matic clinopyroxene grains with strong planar orienta
tion (Duke, 1968) and 25% interstitial tabular plagioclase 
and accessory phases (Fig. 1.2.8.1 h). Both Ca-rich and 
Ca-poor pyroxenes are strongly zoned (Duke, 1968; 
Stolper and Mcsween, 1979). The accessory phases are 
silica, titano-magnetite, whitlockite, ilmenite and pyr
rhotite (Smith and Hervig, 1979; Stolper and Mcsween, 
1979). These meteorites are not brecciated but have 
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1.2.8.1 Photomicrographs of basaltic meteorite textures: a. Nuevo Laredo; vitric, vesicular breccia fragment on right, intersertal fine-grained fragment on 
left. b. Nuevo Laredo, varieties of subophitic texture. c. Pasamonte, subophitic texture. d. Stannern, variolitic texture. e. Yamato 74450, pigeonite 
phenocrysts. Cores are uniform magnesian pigeonite, grading to more iron-rich at rims. Tabular plagioclase apparently nucleated on pyroxene phenocrysts. f. 
Moore County, cumulate texture. Note complex exsolution in pyroxenes. g. Aioun el Atrouss; fine recrystallized breccia in contact with recrystallized 
subophitic basalt. h. Shergotty; preferred orientation of clinopyroxene and maskelynite (width of field is 8 mm.). 
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been strongly shocked, with all of the plagioclase trans
formed to a vitreous glass (maskelynite) and the silica 
transformed to cryptocrystalline cristobalite, without 
modification of the original texture. The origin of the 
texture is uncertain, but Stolper and McSween (1979) 
believe it to be cumulate. ALHA 77005 consists of 
olivine, Ca-rich and Ca-poor pyroxene, maskelynite 
and chromite with minor ilmenite, troilite and whitlock
ite in a hypidiomorphic granular to medium-grained 
texture (Mcsween et a/.,1979b). This meteorite may 
represent a more basic differentiate related to the 
shergottites. 

Range of textures in individual eucrites 
Most brecciated eucrites show a prominent textur

al type among their clasts, in most cases a subophitic 
texture. Characteristic combinations of igneous tex
ture, subsolidus inversion of pyroxenes, shock effects 
and brecciation tend to render each meteorite distinc
tive and recognizable to an experienced observer. How
ever, there are minor variations of textural type 
observed in the clasts of each meteorite, which probably 
would be extended if larger samples were to be studied. 
For example, in Nuevo Laredo, a few vitric fragments 
and a few subophitic fragments containing pyroxene 
grains as large as I mm are found mixed with more 
common intersertal and subophitic fragments contain
ing 0.1-0.3 mm pyroxene grains. The predominant 
fragments in Pasamonte are subophitic; however, a few 
variolitic clasts occur. In Y-74450, most fragments 
appear to be variolitic/ porphyritic, with the exception 
of some that are more typically subophitic. Such varia
tions are consistent with the environment of mechanical 
mixing that must have existed during breccia forma
tion. However, to our knowledge, the varieties observed 
in any brecciated eucrite are consistent with derivations 
from closely associated igneous bodies. Mixing has 
been limited and can be interpreted as having been 
confined to a single lava flow or intrusion, or to very 
closely related bodies. This conclusion is supported by 
mineralogical data and by crystallographic study of the 
pyroxenes (Takeda, 1979). 

1.2.8.4 Chemical composition 

Major elements 
Selected major element analyses for meteontic 

basalts are given in Table l.2.8.2. The quality of avail
able analytical data on eucrites is variable and several 
older analyses that give extreme values should be 
repeated using modern techniques. The majority of 
modern analyses derive from the papers by Duke and 

Silver(l967)and by McCarthy eta/. (1972, 1973, 1974). 
Much of our understanding of the bulk composition of 
meteoritic basalts and much of the discussion of their 
formation depend upon the data base from those pa
pers. This data base has recently been expanded by 
Mason et al. ( 1979) and should be extended to include 
all meteoritic basalts where adequate material is avail
able. 

The analyses and norms in Table 1.2.8.2 represent 
the compositional range of eucrites and shergottites. 
For a eucrite, there is a close relationship between the 
CIPW norm derived from the major element composi
tion and the modal analysis. The major element varia
tions are principally related to two parameters: the 
pyroxene/ plagioclase ratio and the Mg/ (Mg + Fe) 
ratio in pyroxenes. Most eucrite compositions cluster 
near the compositions of Juvinas, Sioux County and 
Pasamonte. Nuevo Laredo is distinguished by a lower 
Mg/ (Mg + Fe) ratio and by a slightly lower pyroxene / 
plagioclase ratio than the main group. The Yamato 
meteorites Y-74450 and Y-74159 have more modal py
roxene, with a higher Mg/ (Mg + Fe) ratio than the 
main group. The meteorites Moore County, Serra de 
Mage, Moama and Binda have higher Mg/ (Mg + Fe) 
ratios and show a range of pyroxene/ plagioclase ratios. 
The alkali contents of eucrites generally are low, 
although Nuevo Laredo and Stannern are noticeably 
richer than the main group. The normative plagioclase 
contents of cumulate eucrites are slightly more calcic 
than those of the basaltic members. The eucrites, like 
lunar basalts, are free of ferric iron and water. A 
FeO/ MnO ratio of about 33 {by weight) is characteris
tic of the eucrites. 

The shergottites also have iron-rich basaltic com
positions, but are much lower in Al20 3 than eucrites, 
reflecting their lower feldspar contents. On textural 
grounds, the shergottites are believed to be cumulates, 
so their compositions cannot be considered to represent 
basalt liquid compositions. The Ca/ Al ratios are higher 
than those of the eucrites due to a greater abundance of 
Ca-rich pyroxene, which is approximately equal in 
abundance to Ca-poor pyroxene. The shergottites also 
are distinct from the eucrites in their higher alkali con
tents (Na20 ~ 1.3, K20 ~ 0.2 wt. %, i.e., more than twice 
eucritic abundances), in containing significant Fe 3+, and 
in their high phosphorus contents {P20 5 ~ 0.5 wt. %). 
The unique meteorite, ALHA 77005, differs in bulk 
composition from the shergottites, reflecting its sub
stantial content of olivine, but bears a chemical signa
ture that ties it closely to the shergottites, particularly 
with respect to trace element abundances, volatile/ in
volatile element ratios and oxidation state. 
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Table l.2.8.2 Chemical compositions of eucrites. 

Sioux Pasamonte (2) Juvinas (2) Bereba (2) Cachari (2) Haraiya (2) Macibini (2) 
Nuevo 

County (2) Laredo (I) 

Si02 49.03 48.07 49.34 49.13 48.26 48.69 49.32 49.46 
Ti02 0.62 0.72 0.64 0.70 0.63 0.56 0.72 0.95 
AIP3 12.84 12.25 13.00 12.75 12.85 12.49 12.12 11.78 
Cr2O3 0.35 0.31 0.34 0.32 0.32 0.32 0.42 0.29 
FeO 18.58 19.10 18.82 19.83 19.10 19.25 I 8.31 20.10 
MnO 0.56 0.56 0.56 0.55 0.59 0.59 0.54 0.56 
MgO 7.11 6.53 7.27 6.80 7.14 7.11 8.37 5.46 
CaO 10.35 10.24 10.38 10.48 10.25 10.26 9.97 10.40 
Nap 0.45 0.51 0.47 0.47 0.51 0.50 0.48 0.57 
KP 0.04 0.04 0.04 0.04 0.05 0.03 0.05 0.05 
P2Os 0.09 0.11 0.09 0.10 0.08 0.10 0.11 0.11 -- -- --

TOTAL 100.02 98.44 100.95 IO 1.95 99.78 99.90 100.41 99.73 

Qz 2.17 1.90 1.83 1.58 0.66 1.30 1.6 I 4.00 
Or 0.24 0.24 0.24 0.24 0.30 0.18 0.30 0.30 
Ab 3.81 4.32 3.98 3.98 4.32 4.23 4.06 4.82 
An 32.90 31.02 33.25 32.56 32.63 31.75 30.77 29.44 
Di 15.15 16.24 14.98 15.99 15 .03 15.72 15.17 18.38 
Hy 43 .87 42.68 44.77 44.82 45.02 44.98 46.29 40.33 
01 
Cm 0.52 0.46 0.50 0.47 0.47 0.47 0.62 0.43 
Ilm I. I 8 1.37 1.22 1.33 1.20 1.06 1.37 1.80 
Ap 0.20 0.24 0.20 0.22 0.17 0.22 0.24 0.24 
Mg' 0.44 0.40 0.43 0.40 0.43 0.42 0.48 0.35 

Table 1.2.8.2 (Continued) 

Stannern (I) Yamato 74159 Yamato 74450 (3) 
Moore Serra Moama (4) Binda (2) Shergotty (5) County (2) de Mage (2) 

Si02 49.33 49.04 49.36 48.32 48.42 48.58 50.41 50.I 
Ti02 0.96 1.09 1.04 0.44 0.17 0.22 0.23 0.92 
AIP3 12.34 10.35 10.82 12.65 12.69 13.74 6.94 6.68 
CrP3 0.28 0.44 0.33 0.44 0.54 0.61 0.75 0.18 
FeO 17.92 19.23 18.26 17.24 16.18 14.85 16.83 18.66 
MnO 0.50 0.53 0.51 0.52 0.55 0.50 0.54 0.50 
MgO 6.36 8.29 8.06 9.41 11.35 11.89 17 .75 9.40 
CaO 10.58 9.48 9.52 9.37 9.08 9.47 5.82 10.03 
Na20 0.60 0.58 0.51 n.d. n.d. 0.22 0.20 1.28 
K20 0.08 0.07 0.06 0.02 0.007 0.01 - <.01 0.16 
PPs 0.13 0.07 0.10 0.04 0.06 0.04 0.71 

TOTAL 99.08 99.17 98.57 98.45 99.05 100.09 99.52 JOO.I I t 

Qz 3.67 1.94 3.44 2.43 0.68 0.89 
Or 0.47 0.41 0.35 0.12 0.06 0.06 0.06 0.95 
Ab 5.08 4.91 4.32 1.86 1.69 10.83 
An 30.74 25.43 27.06 34.46 34.60 36.48 18.04 12.01 
Di 17.77 17.83 16.47 9.85 8.37 8.67 8.67 28.09 
Hy 38.83 45.78 44.26 50.02 54.10 49.16 65.69 41.63 
OJ 2.55 3.76 2.16 
Cm 0.41 0.65 0.49 0.65 0.80 1.27 I.IO 0.27 
Um 1.82 2.07 1.98 0.84 0.32 0.90 0.44 1.75 
Ap 0.28 0.15 0.22 0.09 0.13 0.42 0.09 1.55 
Mg' 0.41 0.46 0.47 0.52 0.58 0.61 0.68 0.48 

References: (I) Duke and Silver (I 967); (2) McCarthy et al. (I 973); (])Takeda eta/. (1978a); (4) Lovering (1975); (5) Duke ( 1968). 
t l.49% Fep3 included in total. 
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Trace elements 
Trace element data for selected eucrites are given in 

Table 1.2.8.3. Ahrens and Danchin ( 1971) summarized 
the available eucrite data, but a substantial number of 
additional analyses are now available (e.g., Schmitt et 
al. , 1972; Lauletal., 1972; McCarthyetal., 1972, 1973; 
Wanke et al., 1977; Morgan et al., 1978). Figures 
I .2.8 .2a and b show trace element data for eucrites, two 
of which are cumulate eucrites, normalized to type I 
carbonaceous chondrite abundances. Refractory litho
phile trace elements are enriched over Cl chondrite 
values (~ 13 times Cl chondrites) but are essentially 
unfractionated except for Sc, which is depleted relative 
to elements of similar volatility by about a factor of 2. 
The main group eucrites have REE patterns which are 
unfractionated relative to chondritic abundances at lev
els about 6- 10 times chondritic (Fig. 1.2.8.3). Stannern 
and Nuevo Laredo have higher REE abundances and 
negative europium anomalies. The more magnesian 
(cumulate) eucrites have lower absolute REE abundan
ces ( 1- 5 times chondritic) and Moore County, Serra de 
Mage and Moama have positive europium anomalies 
(see summary in Consolmagno and Drake, 1977 ). In 
contrast, the more volatile lithophile trace elements are 
depleted, with Rb, Cs, Br and Bi present at approxi
mately 6 X 10-2 times Cl chondrites. 

Siderophile trace elements are strongly depleted in 
eucrites relative to chondritic abundances (Fig. l .2.8.2b ). 
There is no simple correlation between relative abun
dance and condensation temperature. Morgan et al. 
( 1978) have suggested that siderophile abundances may 
be controlled by metal / silicate partitioning. These data 
suggest derivation of the eucritic liquids from sources 
that retained a metallic iron phase in the residuum or 
from sources that had lost metallic iron and the asso
ciated siderophile elements prior to formation of the 

eucrite basalts. Siderophile trace element abundances 
may also have been affected by meteoritic contamina
tion subsequent to basalt crystallization, particularly if 
some eucrites are regolith breccias, so the observed 
values may represent only upper limits on original 
values. Figure l .2.8.2b also shows relative abundances 
of chalcophile trace elements, which are depleted rela-

, ti ve to CI chondrites. 
The shergottites are not characterized by the vola

tile element depletion that is so evident in the eucrite 
basalts. Lau! et al. ( 1972), Stolper ( 1979) and Stolper 
and McSween (1979) have stressed similarities between 
trace element abundances in shergottites and in terres
trial basalts. This similarity extends to the volatile, 
refractory and siderophile trace elements as well, and 
contrasts strongly with the trace element abundance 
patterns in eucrites. The chondrite-normalized REE 
pattern of Shergotty is slightly heavy REE-enriched at 
about 6- 8 times chondritic levels with no europium 
anomaly. 

1.2.8.5 Mineral chemistry 

Mineral assemblages in meteoritic basalts are sim
ple, consisting of clinopyroxene (dominantly pigeonite 
with augite subordinate except in shergottites), and cal
cic plagioclase with minor free silica, ilmenite, chrom
ite, troilite and metallic iron. Orthopyroxene and augite 
are present as products of the exsolution and inversion 
of pigeonite. Magnesian olivine is not present in rocks 
with basaltic textures, but ultramafic, apparently cumu
late, material found in howardites contains minor oliv
ine, and ALHA 77005, a cumulate which seems to be 
related to the shergottites, contains magnesian olivine 
as a major phase. Fayalite occurs in Ibitira and Sher-

Table 1.2.8.3 Selected trace element abundances in eucrites and Shergotty, ppm. 

Nuevo Aioun Moore 
Stannern Laredo Pasamonte Juvinas el Atrouss County Binda Shergotty 

K 550(1) 400(4) 355(1) 340(1) 308(14) 180(1) 85(1) 
Rb 0.827(3) 0.380(3) 0.242(3) 0.202(3) 0.061(3) 6.1(13) 
Ba 50(1) 44(8) 33(1) 31(1) 19(1) 11(1) 90(8) 
Sr 92(1) 84(9) 80(1) 78(1) 80(14) 64(1) 33(1) 65 (8) 
Sm 3.17(6) 2.19(5) 1.90(6) 1.70(6) 2.6(14) 0.94(7) 1.25(8) 
Eu 0.83(6) 0.75(5) 0.68(6) 0.62(6) 0.59(14) 0.59(7) 0 .49(8) 
y 26(1) 17(1) 16(1) 4.4(1) 
Sc 32(9) 38(10) 26(10) 29(10) 33.5(14) 24(10) 52.4(8) 
Th 0.50(1 I) 0.47(11) 0.52(2) 0.60(11) 0.06(12) 0.06(12) 0.3(8) 
Zr 87(1) 67(6) 53(1) 46(1) 15(1) 

References: (I) McCarthy et al. (1973); (2) Morgan et al. (I 978); (3) Papanastassiou and Wasserburg (1969); (4) Duke and Silver (1967); 
(5) Schmitt et al. (1963); (6) Schmitt et al. (1964); (7) Schnetzler and Philpotts (1969); (8) Gast (1965); (9) Gast (1962); (10) Schmitt et. al. 
(1972); (1 1) Rowe et al. (1963); (12) Morgan and Lovering (1964); (13) Laul et al. (1972); (14) D. Blanchard, analyst. 
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1.2.8.2 Trace elements in eucrites. a. 
Abundances relative to Cl chondrites of 
large-ion-lithophile trace elements , 
arranged in approximate order of condensa
tion temperature, in four eucrites. b. Sim
ilar figure for siderophile and chalcophile 
trace elements in four eucrites. After 
Morgan et al. (1978). 
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gotty. A complex, fine-grained mesostasis is present in 
some samples but has not been studied in detail. The 
shergottites also contain magnetite and whitlockite but 
lack metallic iron. Mineral compositional data are 
reported in Appendix A-8. 

Pyroxene 
The dominant primary pyroxene in all eucrites is 

pigeonite. Two specific types of pigeonite occurrences 
have been recognized. Unequilibrated eucrites are char
acterized by the presence of pigeonites with a wide range 
of Mg/ (Mg + Fe) values expressed largely as normal 
zoning. These pyroxenes do not exhibit microscopic 
exsolution. Equilibrated eucrites have pigeonite with 
only a narrow range of Mg/ (Mg+ Fe) values; however, 
individualgrainsshowarangeofCa / (Ca + Fe)values, 
due to the presence of microscopic exsolution lamellae. 
Table 1.2.8.1 classifies eucrites according to this charac
teristic. The classification has been made petrographi
cally for meteorites which have not been studied with 
the electron microprobe, based upon the presence or 
absence of exsolution lamellae and visible composi
tional zoning. 

The pyroxenes of the Pasamonte meteorite are 
typical of the unequilibrated eucrites (Fig. I .2.8.4a). 
The full range of compositions is shown in individual 
subcentimeter-size basalt clasts. Cores of pigeonites are 
magnesium-rich, with normal zoning toward Ca-rich or 
Fe-rich rims and small interstitial grains. Takeda et al. 
( 1978a) found Ca-enrichment toward contacts with 
mesostasis areas and Fe-enrichment toward plagioclase 
crystal contacts. Some of the scatter in values for cal
cium contents of the Fe-rich pyroxenes may be due to 
incipient exsolution, which can be observed in X-ray 
patterns but not optically (Takeda et al., 1976). The 

ATOMIC RATIO 
FeO 

FeO+MgO 

A. Stannern 0 .62 
B. Nuevo Laredo 0.67 

C. Pa10mont• 0 .48-0.70 

0 . 88,ebo 
E. Juvinas 0.62 
F. Horoiyo 
G. Jonzoc 
H. Sioux county 0 .59 
I . Moore county O. SO 

J. Serro de Mog8 0 .44 

1.2.8.3 Chondrite-normalized 
rare-earth element abundances of 
eucrites. After Consolmagno and 
Drake (1977 ). 

bulk meteorite Mg/ (Mg + Fe) ratio is 0.38. The most 
magnesian pigeonite has a Mg/ (Mg + Fe) ratio of0.69, 
which is consistent with Stolper's ( 1977) experimental 
determination of the composition of the first pyroxene 
to crystallize from a liquid of eucrite composition. 

Minor element contents of the pyroxenes reflect 
their crystallization history. Al20 3 content is about 
0.13% and shows little variation with fractionation. 
This is consistent with petrographic and experimental 
evidence that pigeonite and plagioclase crystallized 
simultaneously from the beginning of crystallization. 
Titanium contents in the high magnesium cores are low 
and increase with decreasing Mg/ (Mg + Fe), particu
larly in the latest-formed Ca-rich pyroxenes, which is 
consistent with the late and minor role of ilmenite. 
Chromium diminishes in pyroxenes with decreasing 
Mg/ (Mg + Fe), with a greater decrease in pigeonite less 
magnesian than Mg/ (Mg + Fe)= 0.65 that may be 
related to the late crystallization of chromite, which also 
is a minor interstitial phase (Bunch and Keil, 1971). 

Unequilibrated eucrites are uncommon. Y-74450 
and Y-74159 are the only other unequilibrated eucrites 
that have been studied in any detail (Takeda et al., 
1978a, b ). In Y-74450, a magnesian pigeonite [Mg/ 
(Mg + Fe) = 0. 72] crystallized first , followed by pigeon
ites, which were richer in iron and calcium. The early 
pigeonites of Y-74450 are Al-rich, consistent with some 
crystallization of pyroxene prior to initiation of plagio
clase crystallization. 

Stannern is an example of an equilibrated eucrite 
(Fig. l.2.8.4b). The bulk composition of Stannern is 
similar to that of Pasamonte, but the pyroxene compo
sitional variation is distinctively different. The pyrox
enes in Stannern exhibit a narrow range of Mg 
(Mg + Fe) values which define a trend approximately 
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1.2.8.4 Pyroxene compositions in basaltic meteorites . a. 
Pasamonte , an unequilibrated eucrite . b. Stannern, an 
equilibrated eucrite. c. Three cumulate eucrites (BD
Binda, MA-Moama, MC-Moore County) plus one main 
group eucrite (JV-Juvinas). Open circles represent bulk 
compositions of pyroxenes; filled circles represent exsolu
tion lamellae. d. Shergotty. 
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parallel to the Hd-Fs boundary of the quadrilateral. 
This trend in part or in whole reflects the presence of 
numerous thin lamellae of ferroaugite, which cannot be 
completely resolved by the microprobe, within the low 
Ca-pyroxene host. Within most equilibrated pyrox
enes, a concentration of analyses at low-Ca values 
(~Wo2) may indicate the composition of the host phase 
(cljnohypersthene in Juvinas; Takeda et al. , 1976). The 
narrow ferroaugite Jamellae mostly are too narrow for 
standard electron micro probe analysis; however, some 
analyses are as calcic as Wo30 • Average compositions 
are difficult to determine for pyroxenes, due to the 
complexity of exsolution and inversion features . De
spite the obvious heterogeneity, the pyroxene analyses 
all plot along the same narrow trend. The constraint on 
Mg/ (Mg + Fe) values suggests that the general sub
solidus equilibration between high and low-Ca phases 
occurred within a limited temperature range. 

Stannern pyroxenes have low TiO2 and Al2O3 con
tents (average TiO2 ~0.25 wt. %). Ti and Al do not vary 
sympathetically with Fe or Ca content but there is a 
weak positive correlation between Ti and Al. Chro
mium is high and uniform (average 0. 73 wt. %). Similar 
pyroxene relationships are found in the other equili
brated eucrites, Juvinas, Nuevo Laredo and Aioun el 
Atrouss. In Nuevo Laredo, texturally primary ferroau
gite and pigeonite coexist in basaltic fragments (Takeda 
et al., 1978a). 

The fine-grained textures of the eucrites, such as 
Juvinas and Pasamonte, indicate that they crystallized 
from the magma rapidly. Under such crystallization 
conditions in the laboratory, pyroxenes grow with 
strong Fe / Mg zonation. Furthermore, exsolution of 
pigeonite does not occur in such rapid crystallization 
environments. These two characteristics, lack of exsolu
tion and strongly-zoned pyroxenes are characteristic of 
the unequilibrated eucrites, such as Pasamonte. The 
equilibration observed in meteorites such as Juvinas 
implies that subsequent recrystallization has occurred 
either as a transformation during the initial crystalliza
tion and cooling episode, or through subsequent reheat
ing and metamorphism. 

The occurrence of two primary clinopyroxenes , 
augite and pigeonite, in Nuevo Laredo suggests that two 
pyroxenes would be stable near the solidus in the main 
group eucrites . However, in those meteorites, the pri
mary pyroxene phase was pigeonite alone. Recrystalli
zation to two discrete pyroxenes would be expected if 
the pyroxene zonation was homogenized much below 
the solidus. Exsolution in the main group eucrites has 
produced Jamellae of relatively uniform dimensions and 
composition throughout the host pigeonite. This implies 
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that exsolution occurred subsequent to homogeniza
tion. Since exsolution appears to have developed in 
homogeneous pigeonite grains, the homogenization 
must have occurred at near-solidus temperatures. 
Takeda et al. ( 1976) have concluded that the exsolution 
in Juvinas occurred at high temperature (-900° C). 
Liquidus temperatures are approximately I 16O°C for 
Stannern and I 18O°C for Juvinas and pyroxene, pla
gioclase and silica would all have begun tu crystallize by 
1090° C (Stolper, 1977 ). If homogenization took place 
slightly above solidus temperatures, the presence of 
residual liquid could have facilitated the process. 

The pyroxenes of the cumulate eucrites, Moore 
County, Serra de Mage, Moama and Binda, show sim
ilarities to those of equilibrated eucrites (Fig. l .2.8.4c). 
They typically have coarser exsolution lamellae and 
partial to complete inversion of primary pigeonite to 
orthopyroxene, as was shown for Moore County by 
Hess and Henderson ( 1949), who suggested its origin in 
a buried intrusive body. In howardites, such as 
Kapoeta, a wide range of pigeonite compositions is 
present (Fredriksson and Keil, 1963; Dymek et al., 
1976). It is probable that the brecciated pyroxene frag
ments include representatives of unequilibrated, equili
brated and cumulate eucrites; however, detailed studies 
of the total range of pyroxene types in howardites have 
yet to be made. 

The shergottites contain two primary pyroxenes, 
pigeonite and augite (Stolper and McSween, 1979; 
Smith and Hervig, 1979), both of which are highly 
zoned (Fig. I .2.8.4d). Our data show that the most 
magnesian pigeonite is Wo 12En61 Fs27 and the most mag
nesian augite is Wo 33 En49 Fs 18 . Both have relatively 
homogeneous cores with highly-zoned outer margins. 
The two pyroxene trends are subparallel except for high 
Fe compositions where the two trends merge at approx
imately Wo22En 16Fs62 . There is a natural break in com
positions between high-Ca and low-Ca pyroxenes at 
approximately Wo24 , but many pigeonites have fer
roaugite rims with Wo > 24. Exsolution lamellae with 
contrasting Ca contents, which are present in both types 
of pyroxene, record a lower temperature subsolidus 
history. The lamellae are very narrow(< 2 microns) and 
their presence contributes to the scatter of electron micro
probe analytical values seen in Fig. l .2.8.4d. 

The shergottites apparently are cumulates. A well
defined planar orientation of prismatic pyroxene grains 
is present (Duke, 1968). The initiation of plagioclase 
crystallization probably was responsible for an abrupt 
decrease in aluminum content of the pyroxenes for 
compositions less magnesian than (augite) Wo32En41 Fs28 
and (pigeonite) Wo 13En48Fs39. 

Plagioclase 
Eucrites contain plagioclase with high-Ca con

tents, generally in the range An80 to An90 with some 
interstitial grains as sodic as An65 (Duke and Silver, 
1967). In unequilibrated eucrites such as Pasamonte, 
the range is from Or0_06Ab5An95 to Or1.2Ab 19An80 and 
there are small differences, though with considerable 
overlap, from clast to clast. The feldspars have low but 
detectable contents of Ti, Fe and Mg. Pasamonte feJd: 
spars show apparent departures from stoichiometry (Si
Na-K averages 2.03, Al-Fe-Ca averages 0.93) and in this 
respect resemble the feldspars in lunar mare basalts. 

Feldspars in equilibrated eucrites, such as Juvinas, 
show a comparable range in compositions from Or0_5 
Ab6An93 to OruAb 18 An80. Stannern, also equilibrated, 
has more sodic plagioclases, ranging from Or0_4 
Ab11An89 to Or2Ab26An72 • The departures from stoichi
ometry in the equilibrated eucrites are less than in the 
unequilibrated. Stannern feldspars analyzed in this 
study average Si-Na-K of 2.004 and Al-Fe-Ca of 0.96. 
This close approach to stoichiometry is consistent with 
the occurrence of a thermal annealing event subsequent 
to primary crystallization. Relatively little work has 
been done on optical properties of eucrite plagioclase. 
Game (1957) reported varied optical properties in Juvi
nas plagioclase and Duke ( 1963) reported high but var
ied structural states from X-ray studies of the same 
meteorite. The persistence of evidence for disequilib
rium in plagioclases contrasts with the equilibrated 
characters of the pyroxenes. 

Plagioclase feldspar in the Shergotty meteorite has 
been converted by high shock pressures (2250 kb) to 
maskelynite (Schaal and Horz, 1977 ). The maskelynite 
preserves the original feldspar crystal forms and appar
ently preserves original compositions as well, including 
normal zoning. The range of compositions in Shergotty 
is from Or1Ab42An56 to OruAb60An39, reflecting the 
higher alkali contents of shergottites. The maskelynites 
contain around 0.6 wt.% FeO and low but detectable 
amounts of Ti and Mg. Departures from stoichiometry, 
assuming that maskelynites retain feldspar composi
tions, are greater than in the unequilibrated eucrites 
(Si-Na-K averages 2.04, Al-Fe-Ca averages 0.91).• 
Stolper and McSween (1979) have presented evidence 
that a potassium-rich phase present in the mesostasis is 
glass. 

• Errors in electron microprobe analysis make it very difficult to assess 
whether the apparent departures from strict stoichiometry in meteor
ite plagioclases are real. We believe that it is significant that the 
plagioc/ases in "unequilibrated" eucrites consistently show larger 
departures from stoichiometry than the p/agioc/ases in "equilibrated" 
eucrites. 



Other phases 
Free si li ca is present in all of the ba salt s. A sum

mary of occurrences is found in Duke a nd Silve r ( I 967) . 
In cases where c ri s toba litc or tridymite is t he prima ry 
phase, some quartz typically is prese nt, apparently as a 
late-stage crystallization product in interstices, rathe r 
than as a n inversion product from the higher tempera
ture polymorph. In Shergotty, the silica is a glassy form, 
devitrified to cristobalite (Duke, 1968). 

Ilmenite and chrom ite are principa l oxide phases, 
typically making up less than 0.5 % by weight of the 
basalts. Their compositions in eucrites have been stud
ied by Bu nch a nd Ke il ( 1971 ), who found that chromites 
contain 9- 12% Al20 3, 3- 4% Ti 0 2, and smaller amounts 
of Y20 3, MgO, MnO and ZnO. 

Ilmen ite is rather pure Fe T i 0 3, containing less than 
l % of C r 20 3, Mn 0, MgO, Cao and Al20 3. Titanomag
nctite (M t37 Usp63 ) coex ists with ilme nite (llm95 Hm 5) in 
Shergo tty, defining an equilibration temperature of 
860° C a nd log/0 2 of - 4 (Stolper and Mcsween , 1979). 

. Sulfide (troilite) is found primarily in interstit ial 
a reas where it occurs with silica, plagioclase and minor 
metallic iron. Some rock fragments in the breccias are 
highly fractured , possibly by im pact processes. Some of 
the fractures show loca lized gra ins of su lfid e and appear 
bleached, apparently with loss of iron to the su lfide 
phase a nd , in some cases, crysta lli zat ion of silica. In 
Shergott y, the sulfide is pyrrhotite, consisten t with a 
more oxidized state for that meteorite (Smith and 
He rvig, 1979). 

Meta llic iron exists in the eucrite basa lts in two 
forms (Du ke, 1965): as a primary phase generally in the 
mesostasis, and as metal formed by reduction of pyrox
ene. The metal in the basa lts is qu ite low in nicke l 
(Loveri ng, 1964; Duke, 1965); the Co / Ni ra ti o is vari
able (Hewins and Klein, 1978). 

Phosphate (whitl ock ite) occurs in abundances _of 
1- 2% in Shergotty, but has not been observed in 
eucrites, except as grains on the interior of vesicles in 
Ibitira (R. Fruland, pers. comm., I 979) . 

Mineral proportions 
Modal proportions of minerals are difficult to 

determine in most eucrites , due to the smail size of 
breccia clasts a nd the difficulty of determining mine rals 
in the breccia ma tri x. Because eucrite mineral composi
tions typicall y are simple, with li tt le Al in pyroxenes, the 
modal a nd norma tive mineralogies are closely compar
able. By weight , the proportions are typically 35- 37% 
plagioclase, 59- 60% pyroxene, 1- 3% silica a nd 2% 
opaques. The modal sil ica content is less than that of the 
norm, but silica can be found petrographically in all of 
the eucrites. Nuevo Laredo is slightly poorer in plagio-
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clase and richer in sili ca , which is consistent with the 
expected trend of cotectic compositions with decreasing 
Mg / (Mg + Fe) (see next sec tion). Y-74159 and 
Y-74450 have s light ly lower feldspar and higher pyrox
ene contents, which is consistent with the porphyritic 
nature of so me o ft he Ii thic fragments. The equilibrated 
eucrites con ta in relatively sma ll a mounts of mesostasis. 
The cumula te eucrites, Moore County, Serra de Magi:, 
Moama and Binda, show a range of feldspar-pyroxene 
proporti ons , with Binda being lowes t in feldspar. 
Shergotty a lso is rela ti ve ly depleted in feldspar, and 
apparently does no t represent a basa ltic liquid . 

Variations within eucrite breccias 
Most eucrites are breccias; therefore, befo re bulk 

analyses can be used to formulate a nd to test petrologic 
models, we must ad dress the ques ti on of whether eucrite 
bulk ana lyses represent the co mposi ti ons of individual 
rocks or are merely averages on a ra nge of clast and 
ma tri x compositions. Most workers have treated the 
eucrites as monomict breccias because of the overall 
simila riti es observed among clasts in terms of petro
graphy and mineral chemistry and because different 
sa mples of a eucrite have yielded the same bulk 
compositions . Other kinds of evidence that support this 
interpre ta tion include the observation that unbrecciated 
eucrites (e.g., Ibitira; Wilkening and Anders, 1975) 
have compositions simila r to the brecciated eucrites, 
a nd experimenta l studies (S tolper, 1977 ), which show 
that most eucrite composi ti ons are multiply-saturated 
at one a tmosphere liquidus temperatures. 

Petrographic studies of eucrites reveal a ran ge of 
tex tura l types in clasts from a single meteorite, indicat
ing a variety of the rmal hi sto ri es. Despite this range, the 
similarit ies in minera l assemblage a nd in mineral chem
ist ry from clast to clas t indica te that, even if the eucrites 
are polymict breccias, the individua l fragments must be 
closely related a nd interclast differences must be minor. 

We have st udied seve ra l clasts from two eucrites , 
Sta nnern a nd Pasamonte, in order to determine 
whether clast-to-clast differe nces a re significant (Reid 
and Barnard, 1979). The pyroxene compositions in 
Stannern are uniform within individual clasts (Fig. 
l .2.8.5a), whereas stro ngly-zo ned pyroxenes occur in 
mos t clasts in Pasamo nte (Fig. l .2.8.5b; see also the 
section on mineral chemistry and Appendix A-8). 

The pyroxene a nd feldspar compositions in Stannern 
show little va ri a ti on fr o m clast to clast and INAA of 
three clas ts show essentially identical REE patterns 
(Fig. l .2.8.6a). The pyroxene and plagioclase compo
sitions are more co mplex in Pasamonte clasts. Each clast 
shows a range of co mpositions with small differences 
from clas t to clast. Within the clasts investigated, 
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1.2 . 8.5 Ranges of 
compositions of pyroxene 
and plagioclase in clasts 
from: a. Stannern, an 
equilibrated eucrite; b. 
Pasamonte, an unequil 
ibrated eucrite. 
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increases in albite content of plagioclases can be 
correlated with decreasing Mg/ (Mg + Fe) ratios in 
pyroxene and with increases in the proportion of fine
grained, complex mesostasis . Large-ion-lithophile ele
ment abundances are also correlated with increasing 
amounts of mesostasis in the three analyzed clasts (Fig. 
l .2.8.6b, also see Appendix A-8). Among three clasts 

analyzed, one had a small positive Eu anomaly, two had 
small negative anomalies. These variations observed in 
Pasamonte appear to have been due either to local 
inhomogeneities in the crystallizing magma or to sam
pling problems related to the small size of the clasts, 
rather than to the mixing of rocks of different 
composition. 
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1.2.8.6 Chondrite-normalized rare-earth element abun
dances in separated clasts from: a. Stannern, an equili
brated eucrite; b. Pasamonte, an unequilibrated eucrite. 

We have not encountered any "exotic" clasts in our 
sample suite study, i.e., clasts that are not eucrites or 
eucrite fragments. The possibility that such clasts exist 
cannot be excluded, but they certainly are not 
abundant. 

We conclude that eucrites are monomict breccias 
wherefrom exotic clasts are rare or absent, and wherein 
interclast variations are minor and are consistent with 
limited crystal-liquid fractionation. Bulk eucrite analy
ses can thus be used to indicate original rock composi
tions despite the brecciation events. 
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1.2.B The Basaltic Meteorites 

1.2.8.6 Petrogenesis of meteoritic basalts 

Eucrite compositional types 
Figure 1.2.8. 7 shows TiO2 variation as a function of 

Mg/ (Mg + Fe), which is one of several two-component 
diagrams that can be used to depict major element 
variations among the eucrites. The data, which come 
from a variety of sources, define several distinctive 

· groups with some apparent anomalies: 

( 1) Main group eucrites: On binary plots of 
eucrite bulk compositions, there is a grouping of data 
points among the eucrites that have basaltic textures. 
This cluster of compositions defines what are here 
called the main group eucrites. Sioux County, Juvinas, 
Cachari and Haraiya are main group eucrites and 
Jonzac, Chervony Kut and Bereba have similar com
positions. The bulk compositions of these main group 
eucrites represent the most common meteoritic basalt in 
our limited sample collection. 

, (2) The Stannern trend: A second group of 
eucrites defines a trend from the main group eucrites to 
Stannern and includes Chervony Kut, ALHA 76005 
and Ibitira. Along this trend there are only minor 
differences in major element compositions and in 
Mg/ (Mg + Fe) ratios. There are, however, changes in 
minor and trace element compositions from the main 
group eucrites to Stannern, which has substantially 
higher concentrations of alkalies, TiO2 and large-ion
lithophile trace elements. The Stannern trend is extended 
further if we include a basaltic clast (KV-04) from the 
Nobleborough howardite, which was analyzed by 
Mittlefehldt ( 1979a). 

(3) The Nuevo Laredo trend: The compositional 
trend from the main group eucrites to Nuevo Laredo 
includes Pasamonte, Lakangaon and Nuevo Laredo. 
Compositional changes along this trend encompass 
increases, relative to the main group eucrite values, in 
alkalies, TiO2 and large-ion-lithophile trace elements. 

.0 ..._ __________ _._ ___ __._ ____ ......._ ___ ........, 

1.2.8. 7 Bulk composition of 
eucrites expressed as a plot of 
wt:% TiO2 vs. molar Mg/(Mg + Fe). 
AH-ALHA 76005; BE-Bereba ; 
B1-Binda ; CA -Cachari; 
CK -C hervony Kut; IB-lbitira ; 
JO-Jonzac; JU-Juvinas ; 
LA-Lakangaon; MO-Moama; 
MC-Moore County; NL-Nuevo 
Laredo; PA-Pasamonte ; 
PE-Peramiho; PO-Pomozdino; 
SC-Sioux County; SM-Serra de 
Mage; ST-Stannern. Filled circles 
are University of Cape Town 
analyses. -
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In contrast to the Stannern trend , the minor and trace 
element differences are coupled to systematic changes in 
major element composition and particularly to 
decreases in Mg/ (Mg + Fe) ratios. 

( 4) Cumulate eucrites: The high-Mg eucrites plot
ted in Fig. 1.2.8.7 are those with Mg/ (Mg + Fe) ratios 
substantially higher than the main group eucrites and 
with lower Ti02 contents. They include Moore County, 
Serra de Mage, Moama and Binda. Unlike other 
eucrites they do not have basaltic textures, but are 
coarser-grained and show evidence of extensive subsol
idus reequilibration of pyroxenes. Some members of 
this group have cumulate textures. 

(5) Anomalies: Some eucrites, such as Pomozdino 
and Peramiho, do not fit into any of the above groups. 
These eucrites may represent products of separate 
source regions or of different fractionation processes, or 
of both. Further analytical work is needed on eucrites 
from this group, including comparative analyses from 
the laboratories responsible for the bulk of the eucrite 
data , so that their apparently anomalous positions can 
be evaluated properly. 

Crystallization history models 
The experimental petrologic data of Stolper ( 1977) 

have laid a framework for interpreting the history of 
these basalts. He demonstrated that the main group 
eucrites can be understood as near-peritectic composi
tions in the pseudoternary system OJ-Si02-An (see Fig. 
3.5 .1 and related discussion in Chapter 3). Stolper 
( 1977) argues that the eucrite compositions are concen
trated near this pseudoperitectic be·cause the eucrites 
are partial melts of a source region which contained 
olivine (Fo65 ) , pigeonite (Wo5En65) , plagioclase (An94), 
Cr-rich spine! and metal. Magmas which were evolving 
by fractional crystallization would not be constrained 
to pause at the pseudoperitectic, so no concentration of 
compositions would be likely to result at that point. 
Additional modelling, directed at understanding the 
nature of the differences in eucrite compositions, has 
been performed largely within the framework defined 
by the experimental data. 

Broadly, there are three processes which may con
tribute to compositional variations within the eucrites : 
( I) different degrees of partial melting of a common 
source material; (2) fractional crystallization of a 
common parent material; and (3) partial melting of 
slightly different source compositions. Models that 
relate all eucrites to processes (I) and (2), operating on a 
common source material, have been investigated by 
Schnetzler and Philpotts ( 1969), McCarthy et al. ( 1973), 
Consolmagno and Drake ( 1977 ), and Reid et al. ( 1979). 

The abundances of the rare-earth elements are of 
particular value in attempts to refine the petrological 
models. Consolmagno and Drake ( 1977) accepted the 
general model proposed by Stolper and attempted to 
model the proposed fractionation process quantita
tively to account for the rare-earth element abundances 
in eucrites. Fixing the mineral compositions of the 
source region according to Stolper's model , and assum
ing the derived liquid composition to be defined by the 
peritectic, Consolmagno and Drake were able to con
struct consistent models for: {I) derivation of the main 
group eucrites (Juvinas, Sioux County) by I 0- 15% equi
librium partial melting of a source with the relative and 
absolute REE abundances of chondrites, (2) derivation 
of the Stannern composition by about 4% partial 
melting of the same source, (3) derivation of the eucrites 
Moore County and Serra de Mage as cumulates from a 
Juvinas-like melt. They also suggested that Nuevo 
Laredo could be a residual liquid from such fractional 
crystallization. 

Additional modelling of the type performed by 
Consolmagno and Drake, but also including the ele
ments Sc, Ba, Sr, Zr, and Y, plus major element 
modelling to derive the Nuevo Laredo trend have been 
reported by Reid et al. ( 1979). Adding the other 
refractory trace elements and utilizing the Stolper 
model, the Juvinas composition can be generated by 
12- 13% equilibrium partial melting of a source with 
chondritic abundances. Sioux County can be modelled 
as a 14% equilibrium partial melt of the same source. 
The main group eucrites have flat chondrite-normalized 
REE patterns consistent with exhaustion of plagioclase 
from the source region, which occurs in these models at 
12-13% melting. With smaller degrees of melting the 
liquid would have a negative Eu anomaly, as in 
Stannern, which can be derived as a 6% equilibrium 
partial melt of the same source. If trace elements are 
considered alone, this model suggests that Stannern, 
lbitira, ALHA 76005, and main group eucrites (Juvinas, 
Sioux County) represent increasing degrees of partial 
melting of the same source region (the Stannern trend). 

A possible problem with this model is that small 
but significant variations in Mg/ (Mg + Fe) should 
accompany the different degrees of partial melting of 
the source. Thus, Stannern should be slightly less 
magnesian than the common eucrites. This difference, if 
present, is small. 

Small differences in alkali contents of the source 
region can have significant effects on the compositions 
of partial melts. Such variations in source composition 
offer an alternative explanation for the differences 
between Stannern and Juvinas, but are difficult, if not 



impossible, to test. Stolper et al. ( 1979) have suggested a 
model relating eucrites and shergottites which is based 
on alkali variations in otherwise similar source regions. 

The magnesium-rich eucrites, Moore County, 
Moama , Serra de Mage and Binda, have textures and 
compositions which are consistent with cumulate ori
gins, being enriched to various degrees in pyroxene with 
respect to cotectic liquid compositions. Moore County 
and Serra de Mage cannot be cumulates directly from 
main group eucrite magmas, because the pyroxenes are 
too iron-rich to be in equilibrium with the eucrite melts 
(Stolper, 1977 ). However, fractional crystallization of 
main group eucrite melts produces liquids with lower 
Mg/ Fe ratios (such as Nuevo Laredo) which could be 
parental to these cumulates. The Nuevo Laredo trend, 
including Bereba and Pasamonte, can be modelled by 
removal of pyroxene _and plagioclase from a liquid of 
Sioux County composition. Cachari and Lakangaon lie 
close to the Nuevo Laredo trend but cannot be success
fully modelled as derivatives from a main group eucrite 
liquid (Reid et al., 1979). 

Thermal history of eucrites 
Walker et al. ( 1978) have investigated crystalliza

tion behavior in melts having the composition of the 
Stannern eucrite. They found that feldspar crystal size 
varies as a function of cooling rate approximately 
according to the relationship lnD = (- 0.6)lnR- 2.2, 
where D is the size of feldspar grains in millimeters and 
R is the cooling rate in° C per hour. For Stannern, the 
observed textures are consistent with cooling rates of 
0.l-100°C/ hr. Extrapolating to Juvinas, which has 
some coarser-grained textures, cooling rates as slow as 
0.01°Cf hr can be inferred. For Sioux County, with 
plagioclase grains up to I cm in size, cooling rates on the 
order of 0.001°C/ hr are inferred. It appears that all of 
the eucrite basalts cooled from liquidus to solidus 
(~ 100°C) in times which ranged from hours to a few 
tens of years. The coarser-grained magnesium-rich 
eucrites with cumulate textures may have cooled more 
slowly. 

The unequilibrated eucrites have pyroxene compo
sitional variations similar to those observed in the 
experiments of Walker et al. (1978). Early pyroxenes 
are magnesium-rich pigeonites, with a general iron
enrichment trend as crystallization proceeds. In 
unequilibrated eucrites, pigeonite grains show only 
submicroscopic exsolution lamellae, which is consistent 
with rapid cooling at subsolidus temperatures. 

The equilibrated eucrites are characterized by a 
pigeonite-augite exsolution host-lamella relationship, 
with limited variability of pigeonite and augite com po-
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sitions. In the eucrite basalts, exsolution lamellae range 
in thickness from less than I µm in some fragments in 
Nuevo Laredo to approximately 7 µmin some grains in 
Juvinas and Sioux County. Miyamoto and Takeda 
( 1977) developed a model for the development of exso
lution lamellae in several achondrites . They assumed a 
cooling rate defined by the cooling of a spherical aster-

. oid. Under their assumptions, cooling rates of 4° / 103 

years were required to form the exsolution lamellae of 
Juvinas at temperatures between 1200° and 850° C. 
These probably are relatively high temperature esti
mates, because exsolution of pigeonite must have begun 
at a temperature well below the Stannern liquidus at 
1160° C (Stolper, 1977 ), and longer times (slower cool
ing rates) would be necessary if the lamellae actually 
formed over a smaller temperature range than assumed. 

Although further work is required to improve the 
diffusional model of pyroxene exsolution, it is clear that 
the subsolidus cooling rates are much slower than the 
cooling rates through the crystallization interval. 
Pyroxene homogenization occurred prior to exsolution 
and at temperatures near the solidus, possibly above the 
solidus. This suggests that the onset of slower cooling 
rates may have occurred prior to complete solidification 
of the basalts. Various physical situations are consistent 
with a rapid slowing of cooling rates, such as extrusion 
of a basalt which then was buried in a layer of hot 
impact ejecta or was covered by additional flows . Alter
natively, the eucrite basalts may have been emplaced in 
an environment whose ambient temperature was close 
to the eucrite solidus. The distinction among alternative 
models for eucrite thermal history will require much 
further detailed study of these meteorites, but can 
provide significant boundary conditions for the origins 
and evolution of their parent bodies. 

The existence of brecciated eucrites, such as 
Juvinas, which show 4.5 b.y. internal isochron ages 
indicates either that brecciation occurred at an early 
stage of parent body formation or that brecciation was 
not accompanied by chemical fractionation. Most 
eucrite breccias, although they are somewhat indurated, 
do not have a crystalline matrix and cannot have been 
strongly heated after brecciation. In contrast, the Aioun 
el Atrouss meteorite contains evidence for thermal 
annealing of the eucrite breccia at high subsolidus 
temperatures. The recrystallization of Aioun el Atrouss 
indicates that, at least in some cases, substantial heating 
occurred after the brecciation event. 

Younger disturbances, perhaps associated with 
brecciation events, are recorded in some meteorites. 
The howardite breccias, which contain eucrite basalt 
fragments, are more akin to regolith breccias. Some of 
the eucrite fragments in howardites give young ages, 
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which are believed to represent disturbances rather than 
initial crystallization (Dymek et al., I 976). These ages 
could have been produced by impact reheating, and 
imply that regolith formation continued at least 
through the period indicated by the youngest ages of 3.6 
b.y. 

The eucrite parent body 
Eucrite basalts are partial melts from a source 

region that was chemically primitive in the sense that 
the relative abundances and probably the absolute 
abundances of the large-ion-Iithophile trace elements 
were chondritic or near-chondritic. Abundances of the 
moderately volatile elements, such as K, Na and Rb, in 
the eucritic source are, in contrast, much lower than the 
chondritic values. Stolper ( I 977) has concluded that 
primary eucrite liquids could be generated by partial 
melting of a source composed of olivine (-Fo65) + 
low-Ca pyroxene + plagioclase + Cr-spine! + metal; 
however, his model constrains only some aspects of the 
bulk composition of the source. Several authors (e.g., 
Dreibus et al., 1976, 1977; Consolmagno and Drake, 
1977; Morgan et al., I 978) have made estimates of the 
bulk composition of the eucrite parent body based on 
the types of evidence outlined above. These estimates 
are presented and discussed in detail in Chapter 4 
(section 4.5.6). The estimates are all to some extent 
model-dependent and dependent also on the authors' 
conceptions of the "primitive" composition of the solar 
system and of the differentiation processes that have 
contributed to the diversity of compositions within 
bodies in the solar system. The agreement among the 
various models is encouraging. All require a parent 
body which was chondritic or near-chondritic in terms 
of involatile trace element abundances but which was 
relatively depleted in alkalies and other volatile ele
ments. Major element abundances are not well con
strained but appear to be consistent with chondritic 
compositions, except for the volatile and the metallic 
components. The chemical characteristics of the source 
probably were established during accretion (rather than 
in a later planetary differentiation process) and there
fore provide clues to the types of element fractionation 
processes which governed differences among solar 
bodies during or before the accretion event. 

The source region for eucrites was one of low pres
sure (Stolper, 1977 ). The quartz-normative nature of 
the eucrite melts requires that source region pressures 
probably were less than -2 kb; at higher pressures 
olivine is no longer in reaction relationship with liquid, 
and partial melts would be silica-undersaturated. If the 
parent body was similar in size to the Moon, then the 
source must have been within 7km of the surface. 

Eucrites must be derived from small bodies or from the 
very near-surface regions of larger bodies. This con
clusion is consistent with other lines of evidence that 
meteorites in general are derived from small planetary 
(asteroidal) bodies. The asteroid 4 Vesta is the only 
candidate for a specific source for the eucrites which has 
been proposed seriously. Infrared spectrophometric 
observations by McCord et al. (I 970) and Larson and 
Fink ( 1975) indicate that iron-rich pigeonite probably is 
a major mineral phase on the surface of Vesta. This 
consideration, plus the density estimate of 3.4 gm cm-3 

by Morrison (1976), led Consolmagno and Drake 
(1977) to advocate 4 Vesta as the eucrite parent body. 
Pressures at the center of Vesta would not reach 2kb 
(see Fig. 3.5.2). 

The relationship between eucrites and 
shergottites 

Petrography, mineral chemistry and the experi
mental studies by Stolper and Mcsween ( I 979) indicate 
that Shergotty and Zagami do not represent basaltic 
liquid compositions. The bulk compositions are proba
bly cumulus crystal-enriched, particularly with pyrox
ene, relative to the parent basaltic liquid. Because we 
can place only limited constraints on the parental basalt 
liquid composition, we find it even more difficult to 
constrain the shergottite source composition. 

Differences in alkalies , volatile elements, oxygen 
fugacity and oxygen isotopes between shergottites and 
eucrites make it difficult to model them as derivatives 
from a single source. Stolper et al. ( I 979) have discussed 
the possibility that eucrites and shergottites are derived 
by partial melting (followed by some crystal-liquid 
fractionation) of source regions that are distinct but 
that could be related to one another rather simply. 
According to their arguments, eucrites, howardites , 
shergottites, nakhlites and chassignites all could be 
derived ultimately by partial melting of plagioclase 
peridotites that are compositionally distinct but which 
may form a simple compositional sequence. The 
putative source regions can be understood in terms of 
two-component mixtures generated by the increasing 
addition of a volatile-rich component to the volatile
poor peridotite source of the eucrites. Stolper et al. 
argue that this sequence of peridotites might be present 
on a single, heterogenous parent body, but more 
probably would require a series of related parent 
bodies. 

The isotopic data of Nyquist et al. ( 1979b) indicate 
that Shergotty is the product of at least a two-stage 
process. The first stage, which occurred early in the 
history of the parent body, fractionated the rare-earth 
elements and rubidium. This may have been a planetary 



differentiation episode. Later, material was remelted to 
form the Shergotty parent liquid . This is in contrast 
with the eucrites, which apparently were essentially 
primary melts of primordial material, which melted 
shortly after the origin of the solar system. Thus, 
Shergotty is derived from a relatively evolved parent, 
the eucrites from a primitive parent(s). Stolper ( 1979), 
Stolper and Mcsween (1979) and McSween et al. 
( 1979a) have emphasized the similarity between sher
gottites and terrestrial basalts. 

The later history of the Shergotty parent body is 
currently under intense scrutiny. Nyquist et al. ( 1979b) 
have shown that the shergottites have very young 
crystallization ages for meteoritic material. Their best 
estimate of'crystallization age for this complex dis
turbed system is 650 m.y., far younger than any other 
meteorite (the closest is Nakhla at 1.3 b.y.). The 
shergottites thus raise major problems in understanding 
how basaltic liquids can form on small planetary bodies 
4 b.y. after formation of the solar system. This problem 
is compounded by the discovery of an Antarctic 
meteorite (ALHA 77005) which is an olivine-rich 
cumulate apparently related to the shergottites by 
igneous processes (Mcsween et al., 1979a; 1979b). 

The 650 m.y. melting of Shergotty could have been 
a magmatic event or could have been impact remelting 
of older basaltic material. If the shergottites and ALH A 
77005 are related (and if shergottites and nakhlites are 
related), then it is difficult to envisage these different 
meteorites as having been generated by discrete impact 
events, rather than through normal igneous processes. 
On the other hand, it is very difficult to postulate a 
source of thermal energy sufficient to cause magmatism 
on a small planetary object so long after its initial 
accretion. If these were 600 m.y. internally-generated 
magmatic events, then either the thermal constraints on 
melting in smaller planetary bodies must be reevaluated 
or the possible parent bodies of shergottites must be 
reexamined (see Mittlefehldt, 1979b; Walker et al., 
1979). 

Some conclusions 
Meteoritic basalts fall very clearly into two groups, 

eucrites and shergottites, which derive from at least two 
different parent bodies. Eucrites, which formed in a 
small asteroidal-size body ( or bodies), date from the 
first 50 m.y. of solar system history. The material from 
which they formed as partial melts was primitive in that 
it had chondritic or near-chondritic abundances for 
many elements. Alkalies and other volatile element 
abundances were depleted relative to chondrites. The 
chemical characteristics of the eucrite source probably 
were representative of the whole parent body, because 
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basalt generation is likely to have been a one-stage 
process in an undifferentiated (hot?) body which had 
attained its compositional characteristics during 
accretion. 

The shergottites are derived from a parent body 
that had more nearly chondritic alkali and volatile 
element abundances and which may have undergone an 
early planetary differentiation. These basalts have young 
ages coin pared with eucrites and the Moon. If they are 
not impact remelts then they represent extraterrestrial 
volcanism at a very late stage, when smaller bodies 
would lack obvious heat sources adequate to support 
magmatic events. 
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