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Abstract- New bulk-rock analyses are reported for the eucritic meteorites ALHA8 100 I, Lakangaon and 
Nuevo Laredo. ALHA8I001 resembles lbitira, as both have far lower concentrations of Na than any other 
eucrite. Lakangaon and Nuevo Laredo are the two most "ferroan" (low-Mg/Fe) of all eucrites. Monomict 
eucrites have previously been divided into three geochemical classes: a Main "Group," and the Nuevo 
Laredo and Stannern "trends." The Nuevo Laredo Trend, which is characterized by limited variations of 
incompatible element contents despite considerable variations in Mg/(Mg + Fe) ratio and V content, clearly 
formed out of melt(s) undergoing fractional crystallization, probably as partial cumulates. The less distinctive 
Main Group eucrites are often assumed to be primary basalts, geochemically but one step (equilibrium 
partial melting) removed from the bulk composition of the eucrite parent asteroid. This partial melting 
model seems more appropriate for the Stannern Trend, which is characterized by moderate-high Mg/(Mg 
+ Fe) despite moderate-high incompatible element contents. Our new data and a review of literature data 
suggest that most of the so-called Main Group eucrites actuaily belong to the Nuevo Laredo Trend; while 
few, if any, belong to the Stannern Trend, or any other partial melting trend. The Nuevo Laredo Trend 
may be part of a series of fractional crystallization products that began with orthopyroxenite cumulates 
(diogenites). The bulk MgO/(MgO + FeO) ratio of the eucrite parent asteroid is generally estimated at 
~0.67 by assuming that typical eucrites are primary basalts. But if typical eucrites are diogenite-.comagmatic 
fractional crystallization products, the bulk MgO/(MgO + FeO) of the parent asteroid must be considerably 
higher, probably about 0.81. 

1. INTRODUCTION 

THE EUCRITES, WHICH constitute the most common 
type of meteoritic basalt, are probably closely related 
to the diogenites, which are meteoritic orthopyrox
enites, and the howardites, which a re regolith breccias 
composed mainly of eucrites and diogenites (CLAYTON 
et al. , 1986; see also reviews by DODD, 1981, and WAS
SON, 1985). The eucrite parent body is probably an 
asteroid , possibly Vesta (DRAKE, 1979). The eucrites 
are the oidest known basalts in the solar system. Five 
reported Sm-Nd ages range from 4.41 ± 0.02 to 4.60 
± 0.04 Ga (BVSP, 1981). The lower end pf this range 
presumably reflects the extended subsol idus anneali ng 
that is evident among all monomi~t eucrites except 
Pasamonte (TAKEDA et al., 1983), for which the Sm
Nd age is 4.58 ± 0.12 Ga. A Rb-Sr age determined for 
a similarly unannealed clast in the Yamato-75011 eu
crite is 4.56 ± 0.1 I Ga (BANSAL et al. , 1985). A mi
nority of eucrites, characterized by coarse e ua~ 
tures, are inte reted as c'umulates. H_gwever, more 
typical eucrites have· subophitic (basaltic) textures, in-

1cative of. relatively_ ra id coolin -the "noncumu
late" eucrites (BVSP, 198 1, pp. 218-219). 

A longstanding debate concerns whether typical 
noncumulate eucrites represent ideal "primary" partial 
me ts, 1.e., melts with compositions unmodified by dif
ferentiat10n e.g., crystalfractionation) following seg
regation rom their source regions. STOLPER (197 , 
1977) arguedthat m"'ost eucrites form ed as es~enti_ally 
primary basalts, am y because his experiments 
showed that nearly all noncumulate eucrites have bulk 
compositions that cluster close to a plagioclase-olivine
pigeonite peritectic. However, the petrogenetic signif-

icance of this clustering is not entirely clear (WARREN, 
1985; DELANEY, 1986). An older model (MASON, 1962, 
1967; McCARTHY et al., 1973) proposed that eucrites 
re resent residual liquids from fractional c stallization 
of more mafic melt(s) wh1c ad earlier produced the 
cliogenites as cumulate pyroxenites. Recently, TAKEDA 
et a. ·34, WARREN (1985), D ELANEY (1986) and 
HEWINS (1986), all have emphasized (see also BVSP 
(1981), p. 595) that n rocesses includin artial 
melting, fractional crystallization, and magma mixing, 
ma have been involve mt e production of eucrites. 
• Previous work (STOLPER, 1977; EID et al., 1979; 

BVSP, 1981 , p. 229.fJ.) has suggested that the non
curriulate eucrites may be classified into three types, 
based on a plot of whole-rock data for Mg/(Mg + Fe) 
(hereafter abbreviated as mg) versus an incompatible 
element, such as T i. According to BVSP 1981 ), the 
"Main Group" of eucrites are those with mg ~ 0.38-
0.41 and Ti ~ 3-4 mg/g. The "Stannern Trend" com
prises four eucrites with mg similar to the Main Group, 
but with higher Ti, ranging up to 5.7 mg/g. BVSP 
(1981) assigned only three eucrites (Nuevo Laredo, 
Lakangaon, and Pasamonte) to the "Nuevo Laredo 
Trend," defined as extending from the Main Group 
composition towards Nuevo Laredo, which has Ti 
= 5.7 mg/g and mg= 0.32. Figure I shows this same 
plot, mg vs. Ti, based on a more extensive data base 
(see Appendix) than used by BVSP ( 1981 ). The three 
groups are not as well resolved in Fig. I as in Fig. 1.2.8. 7 
of BVSP ( 198 1 ), mainly because Stannern's mg value 
is lower here, so the intermediate members ofStannem 
Trend no longer fall along a line between Stannern 
and the center of the Main Group. BVSP ( I 98 I) evi
dently used a single analysis (MCCARTHY et al., 1973) 
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FlG. I. The mg ratio vs. Ti for monomict eucri tes, showing 
Nuevo Laredo and Stannem Trends (negative and positive 
slopes, respectively) after BVSP ( 1981 ). Also shown are two 
exceptionally "evolved" clasts from the Kapoeta howardite 
(SMITH, 1982). Binda (Bi) is shown with unusual symbol be
cause it is sometimes classified as a howardite. See Appendix 
regarding meteorite abbreviations and sources of data. 

for the mg of Stannern. The mg value shown in Fig. 
1 is based averaging the McCARTHY et al. (1973) mg 
datum, 0.411, with four others, which range from 0.363 

to 0.380 (DUKE, 1963; D UKE and SILVER, 1967; JI 
OME, 1970; MITTLEFEHLDT, 1979). In any event, n 
that the Stannern Trend and the Nuevo Laredo Trc: 
are supposed to converge (or diverge) at the center o{ 
the Mai n Group. Thus, the Main Group is presumabl} 
related to one or both of the Trends. In this paper 
present new data for three eucrites, including two 
members of the Nuevo Laredo Trend. We attempt 
resolve whether the Main Group is more closely rel 
to the Stannern Trend or to the Nuevo Laredo Trend. 
and we examine the implications of these trend5 r, 
the abundance of ideal "primary" basalts among·, 
eucrites. 

,2. DAT A, NEW AND OLD 

Table I shows our new bulk-rock data for Nuevo LIi 
Lakangaon, and Antarctic eucrite ALHA8 I 00 I. These ch 
were obtained mainly by instrumental neutron activnt 
analysis (JNAA), using essentially the same procedure 
scribed by KALLEMEYN and WAR REN ( 1983). Data for 
Si , Mg, and Ti were obtained by electron microprobe anal> 
off used beads (using typically 30 mg of aliquot from the l'.)O'I' 
dered INAA sample), which also provided checks for Ca aod 
Fe. Data for Ni, Re, Os, Ir and Au were obtained by rad,o
chemical NAA (RNAA), using a procedure modified f . 
SUNDIJERG and BOYNTON ( 1977). The two masses shown fi 
each meteorite in Table I pertain to separate powders produa\S 

Table 1. Concentra tion., or 37 e l ement s In Lekangaon, Nuevo Loredo and AUlA81001. 

Lakangaon Nuevo Laredo AUIA8100 1,16 

A MD avg, A MD avg. A B • MD avg. 

Msss, rrv lH.3 173 .9 307,J 325, 7 2H.7 173 .4 

Na, n-g/ g 3. 72 3. 79 3. 76 3,76 3. 77 3. 77 1. 68 l. 96 1.82 

"'· "1!/ g 
34. ◄ 35. 2 34.8 34 33 3J.5 ◄ 8 ◄ 7 ◄ 7 .s 

Al, rrg / g 63 63 63 63 66 6◄ .5 61 61 61 

Si, rrg/g 232 230 231 231 232 231.5 232 231 231.5 

K, ""' g 0. ◄ 2 0.48 0.45 O. ◄O 0 . ◄ 3 0.41S 0.23 0.3 ◄ 0.29 

, Ca, rrg/g 72 75 73 . S 74 73 73.S 65 73 69 

Sc, pg/ g 32 . S 32.3 32.4 33.3 33. 3 33 . 3 30 . 2 30 . 2 30 .2 

Tl, rrg/g ◄ .9 S.6 5.3 ◄ . 9 s.o 5 . 0 5.9 5 .8 5.9 

V, f81g 62 so 56 6 ◄ 58 61 6 ◄ 71 67 

Cr, rrg/ g 1. 98 1.89 1.!lJ 1.93 1.92 1.93 3 .08 3.09 3.08 

M-i, rrg / g .f.20 ◄ .23 4.22 4. 50 4. S ◄ '4. 52 -C.35 4 . 35 4. 35 

Fe , rrg/g 159 160 159.S 153 I SL 152 1 ◄ 8 I SO 1 ◄ 9 

Co , /Jgi g ◄ . 9 5.2 S.l 2.17 2 .12 2. 15 7 .9 7 .9 7.9 

Ni, f¥.lg 1.3 1. 3 2.9 2.9 <J i <26 <29 

Go, JJ!l ig 1.8 3.1 2.St 7 l.0t2 l. 6t3 I . 2t3 1.2t2 1. 3t3 1.2 

Sr, >1g/g 57±20 77114" 70 80t16 97139 83U5 74±19 64±23 70±15 

Zr, JJg/ g < l◄ 0 45114 4 5 11◄ 711 30 <70 70130 110±20 58±25 90t30 

c. , JJ!lig <0 . ◄ 6 <0.10 <0 .10 <0. 32 <0 . 32 <0 . 32 <0 .35 < 0. ◄◄ <0.35 

Ba, JJgi g 4918 40t7 ◄◄ 4418 3318 39t7 45t9 57t12 ◄ 9t8 

l.n. JJgi g 3 . 80 3.33 3 . 57 3. 79 3.87 J.83 3.6 5. 0 ◄ .3 

Ce, "" / g 9.9 9 . 2 9. 5 10.0 9.8 9.9 10.3 13 .5 11.9 

Nd , pg/ g 6.8 7.2 7 .o 6.5 6.9 . 6. 7 7 . 3 a.a 8 . 0 

!In, ""' " 
2 .11 2.27 2. 19 2.33 2.31 2.32 2.33 3 .15 2. 7◄ 

fu, ""' g 0.80 0.66 0. 73 0. 71 o. 71 0 . 71 0.68 0. 76 0. 72 

Th, JJ!lig 0.57 0.53 0.55 0. 54 0.54 0.5 ◄ 0.56 o. 74 0.65 

Dy, "8'• ◄ .2t6 2.8 3. ◄ 3.3t8 ◄ . ◄ tl.0 3. 7t7 3.319 ◄ . 2±8 3 .8±6 

llo, JJ!lig 0.8 ◄ 0.8◄ 

Yb , JJgig 2. ◄◄ 2.04 2. 24 2.41 2.39 2 .40 2.40 3 . 07 2. 73 

Lu, f81• 0.36 0.33 0 . 35 0.35 0.34 0 . 35 0. 35 0. ◄ 3 0. 39 

II(, ~/g 1. 50 1. 55 1.53 1. 60 1. 6 1 1. 6 1 2.04 2.0◄ 2.0◄ 

TH, JJ.g/ g 0.19 0.21 0.20 0.178 0.1 83 0 . 18 1 0 . 24 0 . 26 0.25 

Re, pg/ g 2 . 3 2.3 6.8 6.8 

Os, pg /g 8. ◄ 8. ◄ 80 80 

Ir, ng/ g O.J ◄ 0.1 4 0.083 0 .083 <6 <7 <7 

Au, ng/ g ◄ .6 ◄ .6 1.5 L S <0 .5 <0.5 

Th, ng/g 330 360 350 ., 430 ◄◄ O ◄◄ 0 560 560 560 

u, ng /g 150128 110t20 120120 l ◄ Ot ◄ O 14 0140 150 ±40 150140 

Ex:cept as noted , WlCer talnti es are within !units listed, by elmen t, In Warren e t a l. (1986). 
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from different chips, albeit for each meteori te the chips were 
delivered to u in a single package, and thus presumably were 
derived from a single portion of the stone (however, the Nuevo 
Laredo " B" sample consisted part ly of selvages of a black 
glassy material (shock-melted veins?, fusion crust?), whereas 
the "A" sample appeared to be free of this materi al). Following 
INAA, small aliquots (20-30 mg) of the INAA powders were 
used to produce the fused beads, and the remainders were 
used for RNAA . 

Nuevo Laredo had previously been analyzed for many of 
the same elements, albei t never before simultaneously ( ti lizing 
a single sample) for trace elements and major elements (DU KE, 
1963; SCIIM ITT et al. , 1963 ; MORGAN and LOVERI NG , 1964, 
1965; HASKIN el al. . I 966; DUKE and SILVER, I 967 ; Pi\Pi\
Ni\STASSIOU and WASSERBURG, 1969; GAST et al .. 1970; T ERA 
et al .. 1970). Our data are general ly in good agreement wi th 
these olde r analyses, except for Sc, for which the th ree oldest 
measurements (DUKE, 1963; SCHM ITT et al. , 196 3; HASK IN 
et al. , 1966) are far higher (40-43 µg/g) than our two replicates 
(both 33.3 µg/g). An anal ysis of intermediate vintage (SCII MllT 
et al .. 1972) gave an in termediate result (38 µ g/g) . These Sc 
di screpancies might be due to sampling problems. Altho ugh 
Nuevo Laredo is, on the whole, a relatively fine-grained eucrite 
(DUK_E and SILVER, 1967; TAKEDA el al. , I 983), it is a breccia, 
and Fig. 1. 2.8.1 of BVSP ( 198 1) indicates that its texture ranges 
all the way from vitric-vesicular to subophitic. However, con
sidering the uniquely high Sc conten t that the older analyses 
imply for Nuevo Laredo (no other eucrite contains more than 
about 33 µg/g), we suspect that the older Sc analyses are simply 
inaccurate. 

Lakangaon had been analyzed previously only for IO ele
ments: Mg, Al, Si, K, Ca, Ti, Mn and Fe (MCCARTHY et al., 
I 974); Na and Cr (MASON et al .. 1979). Our data agree well 
with these earlier analyses, except we find lower K, Cr and 
Fe, by fac tors of0.70, 0.80 and 0.90, respectively. In the case 
of Fe, thi s disparity may be la rgely due to sampling problems, 
because our microprobe analyses of pyroxenes, obtained from 
the same portion of Lakangaon that suppl ied our INAA sam
ple, are likewise less ferroan than analyses reported by MASON 
et al. ( 1979) (Fig. 2). 

DELANEY et al. ( 1984c) report tha t both Lakangaon and 
Nuevo Laredo have uncommo nl y high pigeonite/orthopy
roxe ne ratios, but otherwise typ ica l cucritic modes; e.g .. pla
gioclase con ten ts of 44.9 and 43.5 vol%, respectively. Figure 
3 shows our microprobc data for plagioclase compositions. 
Mean plagioclase An ratios are 82.2 ± 4.0 (one sigma) in 
N uevo Laredo (59 analyses), and 84. 1 ± 3.6 in Lakangaon 
(48 analyses). Similar plagioclase composi tions have pr_eviously 
been reported fo r Nuevo Laredo by DUKE and SILVER.( 1967) 
and TAKEDA et al. ( 1983), and for Lakangaon by MASON et 
al. (1979) . 

Siderophile elements such as Au, Ir, N i, Os and Re are 
useful as trace rs of core formation, a nd (assuming a ce rtai n 
composition for the core) as indicato rs of core size, in the 
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fo r pyroxenes in Nuevo Laredo (58 points) is practically iden
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symbols show pyroxene composi tions reported for Lakangaon 
by MASON et al., ( 1979). 
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FIG. 3. An ratios of Lakangaon and Nuevo Laredo plagioclase. 

eucrite parent asteroid (MORGAN el al., 1978). The li terature 
con tains few data for these elements, particularly Os and Re, 
in eucri tes; and those few data tend to scatter widely. For 
example, analyses of Ir in Juvinas range from 0.028 ng/g 
(MORGAN et al .. I 978) to 27 ng/g (WANKE el a/., I 972); two 
analyses of Os in Moore County range from 3 pg/g (MORGAN 
et al., 1978) to 400 pg/g (MORGAN, 1965). Our new data fo r 
Os and Re in l...akangaon and Nuevo Laredo are low com pared 
to most literature data , but simila r to analyses of Ibitira, J u
vinas, Moore County, and Serra de Mage (Os data for J uvinas 
and Moore County only}, reported by MORGAN el al. ( 1978). 
By a nalogy with lunar rocks, eucri te siderophile element con
tents can be expected to scatter widely, as these elements tend 
to concentrate into rare, unevenly distribu ted metal grains. 
Nevertheless, many of the lunar data reported fo r these ele
ments prior to circa 1973 appear to be erroneous due to lab
oratory contamination (WAR REN el al .. 1986). Eviden tl y many 
of the older data reported fo r eucrites also suffer fro m this 
problem. 

Ours arc the fi rs t bulk-rock analyses fo r AU-IA81001, except 
fo r a broad-beam analysis by MASON ( 1983) and a modal 
recombination analysis by DELANEY el al. ( 1984b). MA
SON (1 983) described ALHA8 I 00 I as an anomalous eucrite, 
based on its "quenched" texture (Fig. 4), which is reminiscent 
of rapidly cooled terrestrial mafic-ultramafic lavas (CAMERON 
and NISBET, 1982); and its unusually low Na content. MASON 
( 1983) and DELANEY et al. ( 1984b) reported Na20 contents 
of 0.2 and 0.18 wt%, respectively. Our two analyses (Table I) 
ave rage 0.245 wt% Na20 . Among non-A ntarctic "noncu
mulate" eucrites onl y Ibitira , which con tains 0. I 9 wt% 
(WANKE et al., 1974; HIGUC HI and MORGAN, 1975), has an 
Na20 con tent much below 0.34 wt%. An average noncumulate 
eucrite has abo ut 0 .50 wt% Na20 (DODD, ) 98 1, p. 243). For 
many elements, our analyses appear to suffe r from sampli ng 
problems. For example, REE in sample " B" are syste matically 
1.25 to 1.40 times higher than REE in "A." Po tassium and 
to a lesser ex ten t Na seem to be correlated, in th is respect , 
with REE. Although our two analyses agree well with one 
another fo r major clements, they indica te a higher content of 
ma lic si li cates than the analyses of MASON (1983) and DE
LANEY et al. ( 1984b). Relati ve to the average of the data of 
MASON ( 1983) and DELANEY el al. ( 1984b), our Mg data are 
higher by a factor of I.I 7, and our Fe data are higher by a 
factor of 1.10. 

As discussed by DELA NEY el al. ( 1984b), ALHA8100 I is 
essenti ally unbrecciated, and might be either (a) the q uenched 
equivalent of pristine (endogenously produced) basaltic melt, 
which DELANEY et al. suggest would have to be unusuall y Al-
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FIG. 4. T ransmi tted light photomicrograph of ALHA8100 1. 
View is 1.5 mm long. The parallelism of the " soda straw" 
(DELA NEY et al., 1984b) pyroxene phenocrysts in this area is 
unique in the thin section; phenocrysts are also uncommonly 
abundant here. Otherwise, however, this view is typical. 

rich and Na-poor; or (b) an impact melt, which DELANEY et 
al. suggest might have been produced from an unusually Fe
rich and Na-poor cumulate eucrite. Model (a) seems more 
likely-the upper limits we have determined fo r Ni and Au 
(Table I) indicate little or no meteoritic contamination. How
ever, ou r anal yses do not indicate a parti cu larl y Al-rich com
position. Although MASON ( 1983) and DELANEY et al. ( 1984b) 
reported iden ti cal Al20 3 contents of 14 wt%, our analyses 
(Table 1) both indicate I 1.5 wt%. Apparently the Al20 3 content 
of ALHA81001 is not significantly different from that of an 
average noncumulate eucri te, about 12.6 wt% (DODD, 1981 ). 
Regarding model (b), ALHA8 100 1 has far higher incompatible 
element contents than any recognized cumulate eucrite. For 
example, its Sm content of2.74 µg/g compares with an average 
of0.43 µg/g (range 0. 16-0.89 µg/g) for cumulate eucrites (Fig. 
5). Thus, if ALHA8I001 is an impact melt (which seems un
likely, anyway) it is apparently not predominantly ofcumulate
eucrite derivation. 

Another excellent tracer is the mg rat io, which , in 

basaltic, low-f (O2) systems, is always m oderately lower 

in the m e lt tha n in coexisti ng mafic si licates. Thi s re

lationship is governed by an exchange reactio n dist ri

bution coefficient, K0 , defined (ROEDER and EMSLII 

1970) as 

Ko= ([FeO].,1/[FeO]1;q)/([MgO].,1/[MgO1;q]) (-) 

where the squa re b rackets denote molar concentration . 

a nd the subscripts are xtl = crysta l a nd liq = liqu id . 
Equation ( l) i(nplies 

(3) 
and 

The only im portant m afic si licates found a m o ng the 

eucrite-d iogenite-howardite cla n are pigeonite, ortho

pyroxene, and olivine. Man y literature data (reviewed 

by WARREN, I 986), indicate tha t a t low pressure }•.:n 
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The Appendix cites 184 literature analyses of eucrites that 
have been used to construct Figs. 1 and 5-8. Bu lk analyses 
of polymict Anta rctic eucrites (SMITH and SCHMITT, 1981) 
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3. INCOMPATIBLE ELEMENTS vs. Mg/(Mg + Fe) 

Incompatible c le m e nts, which idea ll y arc totally ex
cluded from a ll solids, are excellent t racers of crystal

m elt fractio nation. During fractional crystallization, 

the concen tration of an incompatible e lement, such as 

the " t ypical" rare earth element Sm, increases in the 

m elt in direct proportio n to I/ f, where / is the fraction 

of the original system that is molten . The same rela

tionship holds during eq uilibrium (ba tch) pa11ia l melt
ing, where as f increases the conce nt ra tion of an in

compatible element decreases. In short , 

( I ) 

where cE is the melt concen tration of an incompatible' 

ele m e nt , a nd CE is the melt concen tra ti o n when/= I ; 

ei ther at the onset of frac tio na l crystallization , or, in 

the case of partial melting, at the point where (in theory) 
m elting becomes tota l. 
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FIG. 5. (a) Model resu lts: melt mg ratio vs. Sm concentration. 
during partial melting and fractiona l crystallization. Scale at 
top of diagram indicates mg ratios of coexisting mafic silicates. 
Numbers beside points indicate/, the fraction of the initial 
"system" curren tl y molten (in the case of partial melting the 
system is the bulk sou rce region; in the case of fractional crys
tallization the system is the initial melt, at the onset of crys
tall iza tion). (b) 13ulk- rock mg ratio vs. Sm for monomict eu
crites; analogous to Fig. I . 
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is 0.30 ± about 0.02 for olivine coexisting with basaltic 
melt. STOLPER (I 977) fo und that f(o is 0.30 for pi
geonite coexisting with eucritic m\!lt. GROVE ( 1978) 
and LONGHI ( 1980) found that Kv ·is also 0.30 for pi
geonite coexisting with" lunar basaltic melts. For or
thopyroxene, literature data (WARREN, 1986) indicate 
that Kv is probably in the range 0.25-0.32. 

In order to apply Eqns. (2)-(4) to the evolution of 
the melt mg ratio during partial melti ng, we must con
strain the ratio a, defined (WARR.EN, 1986) as 

a= [MgO + Fe0],11/[MgO + FeO]tiq (5) 

i.e., a equals the mole fraction of (MgO + FcO) in the 
crystals divided by the same mole fraction in the melt. 
Literature data (JAQUES and GREEN, 1980; MYSEN and 
KUSHIRO, 1977) indicate that during partial melti ng 
of a peridotitic source a = 2.0 ± about 0:4. Little or 
no significant variation in a occurs with increasing f 
(WARREN, 1986). Starting from Eqns. (3) and (4), 
WARREN (1986) derived equations interrelating mg,y, 
(the mg ratio of the source region or "system" under
going melting), mg1iq, mg,,1, a,f, and Kv (assuming a 
single Kv is representative for the combined unmelted 
mafic silicates): 

and 

mg,y, 
f · Kv/(Kv+ I/mg,,, - !)+(I - f) · mg,,1 • a 

f+(l - f) · a 

(7) 

Equation (6) can be solved for mgliq, but the solution 
is long and cumbersome. In practice we use a simple 
computer program to solve for mg1iq directly from Eqn. 
(6) by successive approximation (testing different values 
of mg1iq until the assumed value of mg,y, is precisely 
matched). Thus, Eqn. (6) can be used to model evo
lution of the melt mg ratio as/increases during partial 
melting of a eucrite source region. 

Unlike the melt concentration of an incompatible 
element, behavior of the melt mg ratio as a function 
off is sensitive to whether crystal-melt fractionation 
occurs via .partial melting or via fractional crystaJJi
zation. Figure 5a shows these contrasting scenarios, 
based in the case of partia l melting on Eqn. (6), and 
in the case of fractional crystallization on a finite-dif
ference model, d la LONGHI (I 977). For the partial 
melting model, the assumptions are that the source 
region mg ratio (mg,ys) = 0.670, its content of Sm = 250 
ng/g (i.e., about the same as the Sm content of the 
nonmetallic, nonsulfide fraction of an ordinary chon
drite (MASON, 1979)), a = 2.0, and Kv = 0.30 (based 
on a presumption that the main residual mafic phases 
are olivine and low-Ca pyroxene): For the sake of sim
plicity, Sm is treated as an ideal incompatible element 
(D = 0). The value of mg,y, was arbitrarily chosen to 

"fit" the mg ratios ofStannern and (with less emphasis) · 

Bouvante and the highest-mg " noncumulate" eucrites 
(Ibitira and Jonzac). 

For the fractional crystallization model, the initial 
composition is again somewhat arbitrary (the main 
purpose of the model is to illustrate the general nature 
of a fractional crystallization sequence, not to provide 
a precise "fit" to the eucrite data array). As discussed 
by WARREN ( 1985), mass-balance considerations sug
gest that most eucrites formed as later products of the 
same melts that had earlier produced diogen ites. We 
assumed the initial composition fo r the fractional 
crystallization model to be the I : I average of two com
ponents: (a) the relatively high-mg diogcnitc Tata
houine (MCCARTHY et al., 1972), albeit wi th the I 0 
mg/g of red uced Fe (7 .9 mg/gas Fe-metal and 2.2 mg/ 
gas FeS) that this meteorite contains (MASON, 1963) 
subtracted out of the bulk composition; and (b) the 
relatively high-mg eucrite, Ibitira (WANKE et al. , 1974; 
HIGUCHI and MORGAN, 1975; PALME and RAMMEN
SEE, 198 1 ), albeit with 1.5 mg/g of Na and 0.12 mg/g 
of K added. Thus, the assumed initial composition, in 
wt%, is Na20 0.2, MgO 18, Al20 3 6.6, Si02 52, K20 
0.15 , CaO 5.8, Ti02 0.4, Cr20 3 0.6, MnO 0.5, FeO 16. 

Being fine-grained and vesicular (STEELE and SMITH, 
1976), Ibitira is particularly likely to have a " primary" 
composition, little modified by fractional crystalliza
tion. However, lbitira is also unusually Na- and K
poor (see STOLPER, 1977), hence the adjustments to 
Na and K. Although STEELE and SMITH ( 1976) inter
pret Ibitira as a surface lava or shallow intrusive, it 
might conceivably be an impact melt breccia. However, 
lbitira has extremely low contents of trace siderophile 
elements: e.g., Ir = 3.9 pg/g, Re = 2.0 pg/g (MORGAN 
et al., 1978); for comparison, these same authors re
ported for Juvinas Ir = 28 pg/g, Re = 9.7 pg/g. As
suming the Moon (RYDER and NORMAN, 1980) is rep
resentative of small, atmosphereless bodjes, siderophile 
elements probably tend to be enriched in impact melts. 
In any case, a relatively high-mg initial composition, 
or else one that is relatively Al-rich, appears necessary 
to have the melt arrive at plagioclase saturation with 
an appropriate (Ibitira-like, Jonzac-like) mg. Although 
the composition ("Y") proposed as a fractional crys
tallization progenitor by IKEDA and TAKEDA (1 985) 
has an mg ratio of 0 .704, its Ah0 3 content is only 4. 1 
wt%. Finite-difference modeling of olivine, and later 
pyroxene fractionation froin this initial melt indicates 
that by the time plagioclase saturation (A'203 = 12 
wt%, at/= 0.31) is reached the melt mg has dropped 
to about 0.1 4- much lower than the mg of any eucrite. 

In our own model, the initial melt composition has 
an mg ratio of0.667. The initial Sm content is assumed 
to be 0.80 µg/g, which is a compromise between the 
Sm content derived as the simple average of the two 
"components" (0.85 µg/g), and the Sm content sug
gested by assuming chondritic proportionality between · 
Sm and several other refractory lithophile elements 
(Al, Ca and Ti) that should be nearly incompatible 
with the sil icates (olivine and low-Ca pyroxene) that 
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might have constituted the residual solids left behind 
when this melt formed in the interior of the asteroid 
(about 0.70 µg/g). In the model, this composition 
evolves as first pure orthopyroxene, and later (after f 
falls below 0.5) pigeonite plus plagioclase fractionally 
crystallize, in proportions controlled by STOLPER's 
( 1977) phase diagram. The model assumes that Kv 
= 0.30 for orthopyroxene as well as pigeonite. Again, 
for the sake of simplicity, Sm is treated as an ideal 
incompatible element (D = 0). The reader is referred 
to LONGHI (I 977) regardi ng the mechanics of con
structing this finite-difference type of fractional crys
tallization model. 

Note that for any realistic value off (i.e., f < 0.5) 
the slope of the partial melting trend on Fig. 5a is fa r 
steeper than the slope of the fractional crystallization 
trend. This same tendency is apparent from similar 
calculations by MAAWE ( 1982) for evolution of melt 
mg ratio as a result of olivine fractionation during frac
tional crystallization (his Fig. I 0) and partial melting , 
(his Fig. 2). The actual eucrite compositions are shown 
in Fig. 5b. Bouvante and Stannern are clearly associated 
with the partial melting trend, and Lakangaon and 
Nuevo Laredo are clearly associated with the fractional 
crystallization trend. Further, the 10 or so Main Group 
eucrites appear to distribute mainly along the fractional 
crystallization trend. A few members of the Main 
Group might be high-:f members of the Stannern Trend. 
But the wide range in mg among the full Main Group 
would imply partial melting over a wide range off, 
whereas the Group's narrow range in Sm would require 
a nearly constant/ If Pomozdino, "a monomict brec
cia, the breccia fragments consisting of a subophitic 
intergrowth of plagioclase and pigeonite" (MASON et 
al., 1979)-analyzed by KVASHA and DYAKONOVA 
( 1972) and KOLOSOV (1976), represents a primary 
equilibrium partial melt, then none of the other eu
crites, all of which have lower mg than Pomozdino, 
could possibly be derived by partial melting of the same 
source composition. 

Other elements, particularly rare earths, could sub
stitute for Sm with similar results. Although Ti and K 
are also essentially incompatible with the relevant ma
jor minerals, the data (e.g., Fig. I) scatter too much to 
be amenable to this type of analysis. Scatter for Hf 
(Fig. 6) is not as bad. The trends are similar for mg vs. 
Ba, and mg vs. Zr, albeit the utility of these combi
nations is limited (in terms of assessing the relative 
importance of fractional crystallization vs. partial 
melting) by scarcity of data: Only 11 noncumulate eu
crites have been analyzed for Ba, and only IO have 
been analyzed for Zr- where~s 17 have been analyzed 
for Hf, and 18 for Sm. Nevertheless, STOLPER ( 1977) 
noted that mg vs. Zr trends are consistent with Cachari, 
Juvinas, Pasamonte, Lakangaon, and Nuevo Laredo, 
all being produced by "crystallization differentiation" 
of a liquid similar to Sioux County. Note that-two 
"evolved" clasts frolT! Kapoeta (SMITH, 1982) appear 
to have affinities mainly with the Stannern Trend. 
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4. INCOMPATIBLE ELEMENTS vs. VANADI M 

In terms of oxygen fugacities, eucrites "have affinitic.1 
that closely parallel those of lunar basalts, characterized 
by metallic iron with crystallization /(0 2) below Iha 
of the IW buffer curve" (BVSP, 1981, p. 378). In lun 
basaltic systems, and hence by implication in eucri ltc 
systems, crystal/melt distribution coefficients for V (D. ) 
are 1.3 for olivine (RINGWOOD, 1970), ~ 3. I for low
Ca pyroxene (2.8 according to RINGWOOD, I 970: 3. 
according to LINDSTROM, I 976), and ~ 38 for chromi~ 
(RINGWOOD, 1970). Evolution of the melt V contcnL 
cv, during equilibrium partial melting can be calculated 
using the fo llowing equation from SHA w ( 1 970): 

Cv = Co(Do + f( I - P)) (M) 

where c0 is the initial V content of the source region..· 
D0 is the bulk (weighted mean) distribution coellicicnl 
for the initial solids in the source region, and the term 
P is also a (weighted mean) distribution coefficient. 
but in this case weighted according to the fraction or 
each solid phase that enters the melt. SHA W's ( I 970) 
model is often simplified into a "modal mel ting .. 
model, in which Pis assumed to be equal to D0 • F r 
the case of the eucrites, assuming that the initial sourtt 
region consists of about 1 wt% chromite, 7 wt% pla• 
gioclase, plus olivine and low-Ca pyroxene in a rough) 
2: I ratio, and that the phases entering the melt are I 
chromite, 42 wt% plagioclase and 57 wt% low-Ca P>· 
roxtc:ne (STOLPER, 1977), the simplified model give1 
precisely the same results as the more rigorous model: 
i.e. , Do = P = 2.1. Figure 7a shows the evolution of 
the melt V content' vs. Sm content, based on Eqn. (8). 
during equilibrium partial melting. As for Fig. 5, for 
the sake of simplicity Sm is assumed to be perfect)) 

'incompatible (i.e., D0 and P both = 0), and the initw 
source region Sm content is assumed to be 250 ng/ 
The initial source region V content, constrained to gi\ ' 
a reasonably good "fit" to the V contents of Stanncm 
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and the more Y-rich noncumulate eucrites (Fig. 7b), 
is assumed to be 190 µg/g. 

Figure 7a also shows a contrasting melt evoluti on 
trend based on the frac tional crystallization model used 
for Fig. 5, with V fracti onati on base on Dv-pyroxcnc 
= 3.1. The initial melt V content, constrainecl to have 
the melt V content = 100 µg/g at /= 0 .5, is assum ed 
= 429 µg/g. Possible furth er fracti onati on of V by 
chromite removal is ignored in this model. An average 
noncumulate eucri te contains about 0.2 ± 0.2 vo l% 
(ie., 0.3 ± 0.3 wt%) chromite (DELAN EY et al. , 1984c); 
an upper limit of 0 . 7 wt% can be inferred from the 
average Cr20 3 con tent of noncumulate eucrites, 0.34 
wt% (DODD, 1981 ). These chrom ites hold an average 
of about 5400 ± 900 µg/g V (BUNCH and K E! L, 197 I). 
Thus, of the total V co nta ined in an average no ncu
mulate eucrite (about 81 µg/g-Fig. 7b), probabl y onl y 
about 20%, and a lm ost certainl y less than 50%, resides 
in chromite. An average cumulate eucrite co nta ins 
about 0.51 ± 0.27 vol% (0 .85 ± 0.45 wt%) chromite 
(DELA NEY el a/. , 1984c) ; which holds about 5000 
± 500 µg/ g V (BUNCH and K EIL, 1971; LOVERING, 

1975). Thus, of the total V contained in an average 
cumulate eucrite (about 114 µg /g-Fig. 7b), probably 

only about 37% resides in chro mite. Also, the Cr con

tents of Lakangao n and N uevo Laredo (both 1.9 

mg/g) (Table l ) arc virtually identical to tho e ofhigh
mg noncumula te eucrites such as Ibitira, Juvinas, and 
Sioux Co unty (2 .1-2.3 mg/g) . Thus, we assume that 

the chrom ites in eucrites arc products o f trapped in
terst itial liqu id , and that pyroxene and plagioclase were 
the onl y cumulu s phases affecting the frac ti onat ion of 
a la rge bod y o l' melt. I f th e fractional crystalli za tio n 
model were a ltered by adding 0.3- 0.9 wt% chromi te, 
with Dv = 38, into the cumulus matter, the effect would 
be to slightl y increase the bulk-cumulus D v , rough ly 
from 1.8 to 2.0; which, in terms of Fig. 7, would sl igh tl y 
improve the "fit" of the fractional crystall ization model 
to the array ofnoncumulate eucri tes (other than Stan
nern). 

The mea n V content of chondrit ic silicates is on ly 
roughl y I 00 µg/g (MASON , 1979). Note tha t the high 
initial V content that mu st be invoked to model the 
cucrites, whether they are modeled as part ial melts or 
as fractio nal crystalli zation residues, suggests that one 
or more of the distribution coefficients cited above may 
be too high. Fo r example, even if D for ol ivine were 
0, and olivine were the sole residual phase, primary 
partial melt from a source with V = 100 µg/g wou ld 
have V < 429 µg/g for an y/> 0. 233. Likewise, mod
erate-:/primary partial melt o f a source with V = I 00 
µg/g co uld not have V = I 00 µg/g unless D0 and P of 
Eq n. (8) were ~ 1. The effect of a lower pyroxene D 
on Fig. 7a would be to steepen the negative slopes of 
both trends; a lower olivine D wou ld steepen the partial 
melting trend only. In any case, provided that D for 
pyroxene is significantly> I , the basic relationship be
twee n the slopes would not change. 

The two trends in Fig. 7 are closely analogous to the 
two trends in Fig. 5. The partial melting model predicts 
(fo r an y reasonable/) onl y limited varia tion in V as 
Sm in creases. In contrast , the fractional crystallizat ion 
model predicts abruptl y decreasing Vas Sm increases. 
W ith the glaring exception of Stanncrn , the cuc rites 
(Fig. 7b) are d istributed along a trend of widely-varying 
V despite on ly mod est variation in Sm, which suggests 
that most arc more closely related to the Nucvo Laredo 
(fract ional crysta llization) Trend than to the Stannern 
(partia l melting?) Trend. 

5. DISCUSSION 

Vanadium vs. Mg/(Mg + Fe) 

The eucrites exhibi t a correla ti on between mg and 
V (Fig. 8). The slope of this trend is steeper (by about 
a fac tor of three) than predicted by the simple fractional 
crysta llizat ion model (however, if cu mulus mat ter is a 
significant compo nent of Nuevo Laredo Trend "non
cumulate" cucrites, as discussed at length below, this 
d iscrepancy tends to disappear). On the other hand , 
the part ial meltin g model predicts that as long as/re
mains in the range 0.05-0.25 , the melt mg ratio does 
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not change by m ore th a n a to ta l of 3.8 m ole percen t, 
a nd the m elt V conten t does not cha nge by more a 
fac to r of I. IO. Variatio n of/over more th a n thi s range 
ca n be ru led out on severa l grou nds. F irst, a 5-fold 
va ri at ion in f would im p ly a 5-fold vari at io n in Sm, 

whi ch is no t observed (Figs. Sb and 7b). Second , in

c reasi ng f much beyond 0 .1 7 would be inconsisten t 

with the observation tha t a ll noncumulate eucrites are, 

as melts, saturated (or a t least nearly sa tu rated) with 

p!agioclase (STOLPER, 1977). The o n ly way tha t such 

a high-degree partial melt co uld be p!agioclase-satu 
rated woul d be if th e initi a l so urce region was far m o re 
plagioclase-rich than a ny m odel for the eucrite parent 

body's man tle co m positi o n (CONSOLMAGNO and 
DRAKE, 1977; H ERTOGEN el al., 1977; MORGAN el al., 
1978 ; DREIBUS a nd WA NKE, 1980; JONES, I 984; IKEDA 
and TAKEDA , 1985). 

Origin of !he N11evo Laredo Trend 

In the frac ti o nal crysta lliza tion model, the decrease 

in f. as gauged by the decrease in mg, is surpri singly 

sm all as the melt evolves fro m the point of ini tial pla

gioclase saturation (at the high-mg end of th e Main 

Grou p , i.e., a compositio n similar to Ibi ti ra o r Sioux 
County) to a Laka ngaon- or N uevo La redo-like com

position . Hereafter we refer to the average compositi o n 

o f Ibiti ra a nd Sioux County as "!SC" and th e average 
compositio n of Laka ngaon a nd uevo La redo as 
" LNL". The mere 9 mo!% decrease in mg fro m !SC 

to LN L implies on ly about 20% crystalliza tio n of the 
!SC-like melt (i. e., f drops from abo ut 0.5 to 0.4; F ig. 

5). In co nt rast, the 40% decrease in V from ISC to 
LNL suggests abou t 40 wt% crys tallization o f the ISC
li ke melt (i.e., f drops from 0 .5 to 0 .3; sec F ig. 7) . The 
rough ly 48% increase in Sm fro m !SC to LNL implies 
about 32% crysta lliza tio n of the !SC-like melt (Eqn . 

(I)). STOLPER ( 1977), based primari ly o n b ul k-rock Z r 

data (but also on observations o f"crys ta lli nities o f the 

products of melting experim ents o n th e Si o ux County 

eucrite in wh ich the Fc/(Fe + Mg) ratios and Ti con

centrati o ns of the experimen ta l liquids are similar to 

th ose of o ther eucrites"), sim ilarly est imated that· · 1 

40% crystallization of liquids si mila r to Sioux C,H1 n , 

could have produced resid ual liquids simil a r to L 
Even th o ugh Laka ngao n and Nuevo Laredo .i·r 

considered " noncum ula te" eucrites, they (and . for t 
mat ter, most o ther euerites of the Nuevo Laredo ·1 re 

migh t consis t in part of "cumulus" material. n~ ·· u 

mulus" we mean materia l fo rmed no t hy qu tm h1 · 

of the parent melt, but by eq uilibratio n with a I.H 
(i.e., not merel y interstit ia l) m ass o f the p:iren t mr t 

a t a particular stage in the compositi onal evolut ion , 

th a t pare nt melt (ihe compositio nal evolution nf t · 

parent melt bei ng a by-product o f the isolati o n of '\ 11 

mulus" m atter as the parent intrusio n crystal11, '"'1 
Thus, crystals mai be mainly of "cumulus .. on in 

re m oved from contact wi th the m a in mass of mrh 
and sti ll be suspe nded in a m agm atic mush of c~ ~ :11 

+ melt near the m argin (ge nerall y the botto m ) of -' 
intrusion (IRVI NE, I 980). The distinction of cum ulu\ 
matter from "trapped liquid" is notorio usly dif!i ·uh 
o n the basis of petrographic c rite ria a lone. Cons1Jcr 
the 300-m thick Pali sades Sill (WALKER, 1969) as an 
analog. Except for a single 5-m thick layer near its h.1 '< 

(the famo us o li vine-beari ng layer) , t he rocks of thn 

diabase int rusio n have subophitic textu res (W,\I KI I{ 

1969) that gi ve no hint of a ny cum ulu s origi n: a me-• 
teorite with such a composition and textu re woul I I 
assumed to be basa lt. Yet, the steady fracti o na tion , f 

incom patible elem ents in vert ical sections through thr 
sil l (WALKER, 1969; SHIRLEY, 1986) can only lllCl n 
that these rocks a re in fac t typica ll y about 50-60 " 1 1 

"cum ulus," in the sense just descri bed. Assume. f111 

exam ple, that the average compositio n of Lakangann 

and Nuevo La redo (LNL) represents 65 wt% trap rx-,1 
li quid , 2 1 wt% "cumulus" pyroxene, and 14 wt '·,, .. cu 

mu lus" plagioclase. The im plied composition o f the 
LNL parent m elt , using the distributi o n coenicicnt \ 
cited above, has V = 46 µg/g (vs. 60 µg/g in LN L) . . m 
= 3.46 µg/g (vs. 2.25 µg/g in LNL), and mg = O.~ I 
(vs. 0 .3 3 in LNL). If thi s m elt formed by frac tio11;1 l 

c rysta llizatio n of a n !SC-like melt , the im p lied ex tent 

of crystallizat ion is about 56 wt% based o n V , abou 1 

56 wt% based o n Sm , a nd abou t 40 wt% based on 
mg-resulting in better agreement tha n the alternati, c 

approach (previous paragraph) of assu ming tha t L:S,:1 

represe nts a quen ched melt. 
Eve n with correc tio ns for possible cumulus matt er 

in the LN L com positio n , the exten t of crystallization 
implied fo r fractional crystalliza tio n to produce a LNI • 
like melt ou t of a n !SC-like m elt is still far less tha n 
I 00%. The compositio nal course o f fract iona l crystal
liza tion is esse ntia ll y indepe ndent of whether the CU · 

mula tcs are pure cumulus matte r o r partly trapped 
liqu id- the effect o f "trapping" liquid is merel y to re 
duce the quan tit y of the melt; its composit ion is not 

affected . However, "trapping" of liquid would cau.sc 

the physica l amount of melt rema ining to be less than 

the.fused in the modeling, and thus would help exp13in 

the observed scarcity of samples formed at low f i\n~ 

intru sion tends to "congeal" as the physical scale 0 1 

its m 

trast 
wour 
viro1 
talli z 

Re/a 
10 di 

. Tl 
merr 

critc: 

Starn 
sequ, 

lie r r 
sibly 

MAS' 
duce, 

eucri 
intru 
Am o 
mere 
prob; 

ent t 
eucri 
da nc, 
form, 

roxer 

have 
have 

melts 
plagic 
a t lea 

o rtho 

mud 
mass 
residi 
ducec 

Th 

(whic 

melt ' 
How( 

densi 

uidus 

dim ir 
after I 
propc 

roxen 
ish th 

hance 
of it , 
rock. 
norm 
phys i1 

surpn 

mula t 

Sm -
crysta 

chonc 

refrac 



hat"30-

County" 
to LNL. 
redo are 
I, for that 
lo Trend) 
. By "cu
uenching 
h a large 
en t melt, 
>luti on of 
::i n of the 
m of "cu
stallizes). 
;" origin , 
; of melt, 
)f crysta ls 
>m) of an 
· cum ulus 
y dif1kult 
Consider 

169) as an 
ar its base 
ks of this 
WALKER, 
51n; a me
wo uld be 

rna tio n of 
,ro ugh the 
,nly mea n 
0-60 wt% 
;sume, for 
.akangaon 
% trapped 
I wt% "cu
ion of the 
·ocfficicnts 
LNL), Sm 
11g = 0 .21 
frac tional 

lied extent 
1 V, abo ut 

based on 
alternative 
; tha t LNL 

dus matter 
stallization 
.ice a LNL
.r less than 
na l crysta l
her the cu
,ly trapped 
crely to re
itio n is not 
·ou ld cause 
Je less than 
1elp explain 
low/ Any 

cal scale of 

Nuevo Laredo Trend eucrites 721 

its melt fraction diminishes; and the sligl t density con

t rast between cumulate eucrites and their parent melts 
would no t be condu cive (pa rticula rl y in the low-gen
vironment of an asteroid) to continued fractional crys
ta lliza ti on down to very low J (WARREN, I 985). 

Relationship of Nuevo Laredo Trend eucrites 
to diogeniles and c11m11/a1e eucrites 

The most primitive (high mg, high V, low Sm, etc.) 
members of the ucvo Laredo Trend are !SC-l ike eu
critcs near the intersecti on of the Nucvo La redo and 
Stannern trends. But the sa me fract ional crystallization 
sequence that produced these eucrites might have ear
lier produced a series of more mafic cumulates-pos
sibly, acco rding to a model origin all y proposed by 
MASON ( 1962), the di ogcnitcs. WARREN ( 1985) ad
duced a mass balance constrai nt that suggests that most 
cucritcs a re indeed products of residu al melts from the 
intrusion(s) th at earlier produced the di ogen ites. 
A mong observed fa lls, diogenites arc almost as nu
merous as eucrites, and amo ng the howardi tes (which 
probably provide a better "sa m ple" of the cucrite par
ent body than do the observed falls), diogenitic and 
eucritic co mponents are approx imately equal in abun
dance. Assuming that the diogenitic orthopyroxen ites 
formed as cumula tes from melts saturated wit h py
roxene but not with plagioclase, these sa me melts must 
have later become plagioclase-saturated, i.e., they must 
have later become eucrite-like. In fact, unless these 
melts began with compositions implausibly fa r from 
plagioclase saturation, they probably ultim ately yielded 
at least nea rl y as much eucrite-likc basalt as diogen itic 
ortho pyroxen ite. But eucritic compo nen ts are not 
mu ch more abunda nt than diogenitic co mponents, so 
mass balance suggests that most eucrites arc basaltic 
residu al materials from the same magma(s) that pro
duced the diogenitcs. 

The high density co ntrast between the diogenitcs 
(which are nearly pure pyroxene) and a eucrite-like 
melt would promote ef1kient fractional crystall iza tion . 
However, with the onset of plagioclase sat u ration, the 
densi ty contrast between the melt and its aggregate liq
uid us( = potential cumulus) crysta ls would suddenly 
d iminish, by a factor of roughly 2.8 (densit ies calculated 
afte r BOTTINGA and WEILL ( 1_970), assuming cumulus 
propo11ions are 42 wt% plagioclase and 58 wt% py
roxene (STOLPER, I 977)), wh ich wou ld in turn d im in
ish the efficiency of fractional crysta llizat ion-and en
hance the chances that the melt, or some large portio n 
of it , would co ngea l into a basaltic, ''noncum ul ate" 
rock . Co nsidering this density effect, rein forcing the 
no rmal tendency for any intrusion to congeal as the 
physical scale of its melt fraction diminishes, it is not 
surprising that the Nucvo Laredo Trend of noncu
mulate eucrites extends on ly fro m Sm ~ 1.5 µg/g to 
Sm ~2.3 µg/g (Fig. 5). During low-pressure fractional 
crystalliza1ion of melts derived from sources with 
chondri-tic rat ios o f Al, Ca and Sm (all of which are 
refractory lithophilc clements), plagioclase saturation 

begins when the melt Sm content reaches ~ 1.5 µg/g 

(WARREN, 1983). 
The bulk MgO/(MgO + FeO) ratio of the eucrite 

parent body is genera lly estimated a t ~0.67 (MORGA 
el al .. 1978; HERTOGEN el al .. 1977; CONSOLMAGNO 
and DRAKE, 1977), which is appropriate to account 
for the Stannern Trend eucrites as primary, moderate
! partial melts. However, DREIBUS and Wii.NKE ( I 980) 
propose a composi ti on with MgO/(MgO + FeO) 
= -0.79 1. A sim ila rly high bulk-asteroid MgO/(MgO 
+ FeO) wou ld be necessary to account for the diogen
ites and Nuevo La redo Trend eucrites as a single frac
tion al crystallization series, because even afte r pro
ducing the di ogenites the melt mg ratio must still be 
as high as that of an " !SC-l ike" eucrite (i. e., ~0.40). 
The model applied above assumed that the mg of the 
initi a l melt was 0.667 . Assuming that this melt was 
produced as a partial melt of the asteroid's man tle, at 
a moderately high J (say 0.3 < f < 0.6), application of 
Eqn. (6) suggests tha t the so urce region 's MgO/(MgO 
+ FcO) mu st have been in the range 0.78-0.83 . An 
advantage of a high MgO/(MgO + FeO) for the bulk 
asteroid is that the pallasites, essenti ally bimineralic 
olivine-metal meteorites with olivines as magnesian as 
Fo892 (BUSECK and GOLDSTEIN, 1969), might then be 
modeled as pieces of the same asteroid . Oxygen isotopic 
data (CLAYTON, I 977) suggest a ge netic link between 
cucritcs, diogcn ites and pallasites. Unless K 0 fo r olivine 
is on ly 0.26-the extreme fringe of the range of Kv
oli vine from experimental studies (WARREN, 1986), 
even a to tal melt ofan mg-0.67 mantle would not crys
tallize Fo89 olivine; with Kv = 0.30, the first o li vine 
crysta llized by such a mel t would be Fo81.1 . Assuming 
that eucrites, di ogen ites, and pallasites are from one 
asteroid , the pallasites may have formed when deep 
mantle layers, "dep leted" of all major phases o ther 
than oli vine by extensive partial melting, mixed with 
nwltc:n mc:tal from the co re of the asteroid (SCOTT, 
1977) . If the bulk-silicates mg of such an asteroid were 
0.80, Eqn. (7), with Kv = 0.30, implies that the mg of 
these residual o li vines would reach Fo89 2 at f = 0.67 
(and mg1;q = 0. 71 ). 

If the parent melts of the N uevo La redo T rend in
deed evolved out of Mai n Group (!SC-like) melts by 
fractional crystall iza tio n, then a series of magnesian 
cumulate eucrites must have fo rmed in the process. 
However, the trend among "noncumula te" eucrites 
on Fig. 8 does not extrapolate to the area of the cu
mulate eucrites. Although the V co ntents of individual 
cumulates are sensi tive to their plagioclase/pyroxene/ 
chromite ratios, any bulk-rock mg analysis, being gov
erned almost exclusively by pyroxe ne, should be rea
so nably representative . STOLPER ( 1977) no ted that the 
melts that produced four of th e five cumulate eucrites 
cvidc1i tl y had mg rati os in the range 0 .23-0.29-sig
nifica ntly lower than the mg of any noncum ulate eu
crite (Fig. 5); th e exception is Binda, wh ich apparentl y 
formed from a melt wi th mg ~ 0.37. Considering tha t 
the co mplementary low-mg parent melts of typical cu
mula te eucritcs arc "m issing" from our museum col-
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lec tio ns, it is not ent irely surprising that the magnesia n 
cumula tes tha t (hypothetically) formed as !SC-like 
mclt(s) fracti o na ll y crysta ll ized into the N ucvo Laredo 
Trend arc a lso (except for Binda) "missing." At least, 
they arc " missing·• in monom ict-cucritc fo rm. Actually, 
both types of"m issi ng" materia l m ight be abundantly 
ava ila ble, albeit in the d ifficult-to-s tudy form o f sm a ll 
clas ts a m o ng the howardites and/or the polym ict eu
crites (SMITH , 1982; DELANEY el al. , 1984c; IKEDA and 
T AKEDA, 1985; TAKEDA a nd MOR I, 1985; TR EIMAN 
a nd DRAKE, 1985). U nfo rtun ate ly, except for SMITH 
( 1982), none of these st udies report a n mg ratio or V 

conte nt of a clast sample for which incompatible trace 
elements have also been determined. 

6. CONCLUSIONS 

The Sta nnern Trend eucrites (com prising at leas t 
Sta nncrn a nd Bo uva ntc) may have fo rmed as p ri mary 
part ial m elts. However, as originally suggested by 
STOLPER ( I 977), the Nucvo Laredo Trend cucrites 
(comprising at least Nuevo La redo a nd Lakangaon) 
clearl y are not prim ary, having formed out of residual 
liquids fro m fracti onal crystall ization . Limited varia
tio ns o f incompati ble clemen t contents among the re
ma ining " Main Group" of eucrites, despite consider
able vari ati o ns in mg ratio a nd V con tent, suggest that 
most Main Group cucritcs belo ng to the N ucvo L,rcdo 
T rend; and few, if a ny, belong to a pa1i ial melting trend. 
In fact, if the high-mg cucrite Po m ozd in o (KYASIIA 
a nd DYAKO OYA, 1972; KOLOSOV , 1976) represents 
a primary equil ib ri u m partial mel t, then no other eu
crite coul d possibly be a pri m ary partia l melt derived 
from the sam e source com positio n. 

Deta iled co m parison between a fraction al crystal
li za ti o n m odel a nd the actual Nuevo Laredo Trend 
suggests th at Lakangaon and Nucvo La redo may be 
pa rtl y "cumulu s" in o rigin, and not simply quenched 
melts. Thi s m odel would imply tha t the parent melts 
o f these m eteo rites had co nsiderably lower mg ratios 
tha n the meteori tes them selves. By occasio nally form 
ing roc ks wi th fa r higher proport ions ofeumulus mat
ter, such mel ts m ight have also produced cumulate 
cucri tcs such as Moa m a, Moo re County, and Serra de 
Mage , all o f whi ch clearly (ST01.r1:R . 1977) fo rm ed out 
o f liquids with mg rat ios far lower than any known 
eucrite. 

The N uevo Laredo Trend eucrites may be only part 
o f a series o f frac tional crysta llizatio n products that 
bega n with dioge nites (MASON, 1962). If so, the bulk 
MgO/( MgO + FeO) ratio of the eucritc paren t asteroid 
is probabl y h igher ( ~0.8 I) than ge nerally es timated 
( ~ 0.67). A simila rly high MgO/(MgO + FcO) ratio is 
also co nsiste nt with suggestions (CLAYTON, 1977 ; 
W ASSON, 1985; CLAYTON el al., 1986) that pallasites 
a nd eucri tes a re deri ved fro m a single asteroid . 
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APPENDI X: REFERENCES FOR 
FIG URES l, 5, 6, 7 AND 8 

Meteorite 
(Abbrev.)* 

Adalia 
Aioun el Atrouss 

(AA) 
ALHA 8100 I (8 1) 
Bereba (Be) 

Binda (Bi) 

Bouvante 
Cachari (Ca) 

Camel Donga (CD) 
Chervony Kut (CK) 
Emmaville 
Hara iya (Ha) 
lbitira (lb) 
Jonzac (Jo) 

Ju vinas (Ju) 

Kirbyville 
Lakangaon (La) 
Medani tos (Me) 

References• 

Ma79 
Du 78 

De84, Ma8 3, Wa86 
Bi78, Ch76. Je70. La72. Mc73. 

Mi79, Mo73, Pa78 , Sc72. Ur53, 
Wa77 

Ch 76. Je70, Mc73, Mi 79, Ni67, 
Pa78, Sc72, Ur53 

Pa8 l ' 
Je70, Mc7 3, Pa78, Sc72, Sc8 I, Sh86, 

Ur53 
Ma 86 , Pa86 
Ch46. Go79. Je70, Pa78, Sc72 
Ma79, Mo7 3, SI77 
Jc70, Ma79, Mc73, Ni67, Sc72 
Bi78, Mo78. Pa8 I , Wi:i7 4 
Bi78 , Je70, La72, Ma79, Ph 70, St77, 

Tc70, Ur53, Wa.77 
Du63, Du67, Ga 70, Ha66, Jc70, 

Jc7 l, La72, Mc73, Mo73, Mo78, 
Na80, Ni67, Pa8 1, Ph 70, Sc64, 
Sc72, Sh86, Te70, Ur53, Wi:i 72 

Ma79 
Ma79, Mc74, Wa86 
Sc72 , Sy70 

Mill bi llil lc 
Moama (Mo) 
Moore Counly 

(MC) 
Nagaria (Na) 
Nuevo Laredo (N L) 

Padva rni nka i 
Palo Blanco Creek 

(PBC) 
Pasamonte (Pa) 

Peramiho (Pc) 
Po mozd ino (Po) 
Serra de Mage (SM) 

Sioux County (SC) 

Stannern (S t) 

Vetluga 

Ma79 
Ha78 , Lo7 5, Mi79 
Du63, Je70, Mc73, Mo78 . Ni(, 

Ph 70, Sc72, Te70, Ur53 
Ma79, Sc72 
Bi78, Du63, Du67 , Ga70, I la(,(,. 

Mo65, Sc63, Sc72, Te70. \ \ ';, ~1 , 

Ko76, Ma79 
Di85 , Ma79 

Bi78, Ch76, Du6 3, Du 67, Ga 70. 
Ha66, Je70, Mc73, Mi 79 . Nil, 
Sc63, Sc72, Sh86, Te70, Un7 
Ur53 ; VM 69, Wa77 

Sc72, Ur53 
Ko76, Kv72 
Bi78, Je70, La72, Ma 79, Men. 

Mo78, MS79, Pa78, Ph70. Sc , 
Ur53 

13i 78, Ch 76, Du63, Du67, Je70. 
La72 , Me73 , Mi79 , Ni67 . Pa7 
Sc72, Te70, VM 69 

Bi78, Ch76, Du63 , Du67, Ga 70. 
Ha66, Je70, La72, Mc73, l\ti 79, 
Ni67, Pa8I, Ph70, Sc64, Sc72. 
Sh86, Te70 

Kh82 

• In parentheses: Abbreviations used as labels in the F, : 

• Key to Appendix references: 

Bi78 = BIRCK J. L. and ALL EG RE C. J. (1 978) 1~·arrh 
Planer. Sci. Le//. 39, 37- 5 1. 

Ch46 = CIIIRVINS KY P. N. and SOKOLOVA A. I. (1946) 
Mereoririka 3, 37-44. 

Ch76 = C11ou C.-L. er al. ( I 976) Proc. Lunar Planer. Sn 
COi!( ?rh , 350 1-351 8. 

De84 = DELANEY el al. ( 1984b). 
Di85 = D1 KI NSON T. er al. ( I 985) Chem. Erde 44, 245-

257 . 
Du63 = DUKE ( 1963) (Data for Ti , which seem syste111a11-

call y low, arc ignored.) 
Du67 = DUKE and SILVER (1 967). 
Du78 = DUKE M. B. ( I 978) Mereorirics 13, 443-448. 
Ga70 = GAST er al. ( I 970). 
Go79 = GOODING J. L. er al. ( I 979) Lunar Planer. Sri. X. 

446-448 . 
Ha66 = HASK IN el al. ( I 966). 
1 la78 = HAM ET J . el al. ( 1978) Proc. Lunar Planer. Sci. 

Conf9rh. 111 5-Il 36. 
Je70 = JEROME ( 1970). 
Jc7 I = JEROME D. Y. er al. ( 197 1) Co11111rcs Rend. Acad. 

Sci. Paris 273, 1657- 1659. 
Kh82 = KHAR ITONOVA V. YA. and BARSUKOVA L. D. 

( 1982) i\fercoririka 48, 4 1-44 . 
Ko76 = KOLOSOV ( I 976) (Data for Hf, which seem sys

tematica ll y low, arc ignored.) 
K v72 = K VAS II A and DYAKONOVA ( I 972). 
La72 = LAU I. J. C. er r1/. (1972) Geoc/1i111 . Cos111ochi111 . 

//era 36, 329-345. 
Lo75 = LOVERING J. F. ( 1975) Mereorirics IO, 10 1-11 4. 

Ma79 = MASON et al. ( I 979). 
Ma83 = MASON ( 1983). 
Ma86 = MASON B. and JAROSEWICII E. ( I 986) Mereoririn 

21 , (i n press). 
Mc73 = MCCARTII Y et al. ( 1973). 
Mc74 = MCCARTHY et al. (1974). 
Mi79 = MITTLEFEIILDT D. W. (1979) Geochim. Cos1110-

chim. Acra 43, 19 17- 1935 . 
Mo65 = MORGAN and LOVERING ( I 965); also MORGA 

and LOVERI NG ( I 964). 
Mo73 = MORGAN J. W. and LOVERING J. F. (1 97 3). 
Mo7 8 = MORGAN er al. ( I 978). 

MS79 = MA M. 
14, 8 

a80 = NAKA~ 
5rh ~ 
GAT, 
Tok: 

Ni67 = NICIII P 
chi11 
scerr 

Pa78 = PALME 
COi!, 

Pa8 l = PALME 
Pa86 = PALME 
Ph70 = PIIILPC 

Proc 
also 
( I 96 
MA~ 

Sc63 = Sc 11 ~11 
Sc64 = SCIIMI 

chin 
Se72 = Sc11 Mt 

2 14 
Sc8 1 = SCI IMI 

tion 
Sh86 = SIII MI: 

Cos 
St77 = STOLP 
Sy70 = SYME~ 

Ala. 
Te70 = T ERA 

Co, 



78. i67, 
r53 

ID. Ha66. 
c70, Wa86 

57, Ga70. 
~i79. Ni67. 
:70, Un77, 

), Mc73, 
Ph70, Sc72, 

57. Jc70. 
\Ji67 , Pa78, 

67. Ga 70. 
lc73, Mi 79, 
c64, Sc72. 

:Is in the Figs. 

3) Earth 

.. I. (1946) 

·· Planet. Sci. 

rde 44, 245-

·111 systcmati-

143-448. 

'lane/. Sci. X, 

Planet. Sci. 

Rend. Acad. 

JVA L. D. 

h seem sys-

osmochi111. 

0, 10 1-114 . 

6) /lle1cnri1in 

1im. Cosmo-

,0 MORGAN 

. (I 973) 

Nuevo Laredo Trend cucri tcs 72 5 

MS79 = MA M.-S. and SCHMITT R. A. ( I 979) /llrteori1ics 
14, 81-89. 

a80 = NAKMt URA N. and MASUDA A. ( I 980) In Proc. 
51!, S_r111p. , l111arc1ic /1/eteorites (ed. T. NA
GATA), pp. 159-167 . Nat ional Inst. Polar Res ., 
Tokyo. 

Ni67 = NIC III PORUK W. el al. (1967) Geochi111. Cos1110-
ch i111 .. ·lcrn 31, 19 11-1 930. (Data for Fe, which 
seem systematicall y low, arc ignored.) 

Pa78 = PALME H. et al. (1 978) Proc. Lunar Planet. Sci. 
C/1/!F 9th, 25-57. 

l'a81 = PALME and RA~ IME NSEE ( 1981 ). 
Pa86 = PALME 11. el al. ( I 986) ,\/e/eoritics 21 (in press). 
Ph 70 = PIII LPOTTS J. A. and SCIINE'IZLER J. C. ( 1970) 

Proc. Apollo I I Lunar Sci. Conj.', 1471-1486; 
also SC II ETZLER J. C. and PlltLPOTl"S J. A. 
( I 969) In J\/eteorite Research (ed. P. M. MILL
MAN). pp. 206-2 I 6. Reidel. 

Sc63 = SCll~I ITT ('/ al. ( I 963). 
Sc64 = SCII MITT R. /\. el al. ( 196°:) Ceod1i111. Cos1110-

chi111. Acta 28, 67-8(,. 
Sc72 = Sc , !MITT R. A. et al. ( I 972) /lle1eori1ics 7, I 31-

214. 
Sc8 I = SCIIM ITT R. A. et al. ( I 98 1) private communica

tion. 
Sh86 = SIII MIZU H. and MASUDA A. ( I 986) Geochi111. 

Cos111ochi111. Acta 50, 245 3-2460. 
St77 = STOLPER E. ( I 977). 
Sy70 = SYM ES R. F. and I IUTCIIISON R. ( I 970) /lfinera/. 

Mag. 37, 721-72 3. 
Te70 = TERA F. e1 al. ( 1970) Proc. Apollo I I Lunar Sci. 

Conj.' . 1637-1656. 

Un77 = U RUH D. M. el al. ( I 977) Earth Planet. Sci. Lei/ . 
37, 1-12. 

Ur53 = UREY 11. C. and CRAIG H. ( I 953) Geochi111. Cos-
111ochi111 . Acta 4, 36-82. 

VM 69 = VON MICIIAELIS H. et al. ( 1969) Earth Planet. Sci. 
Le11 . 5, 387-394. 

Wii72 = WA NKE H. et al. ( 1972) Proc. Lunar Sci. Conj. 
3rd. 125 1-1268. 

Wii74 = WA NKE H. et al. ( 1974) Proc. Lunar Sci. Conj. 
5th, 1307- 1335. 

Wa77 = W iiNKE 11. el al. ( I 977) Proc. Lunar Sci. Con( 
81!,, 2 19 1-22 13. 

Wa86 = Table I of' this work . 

@ In the absence of any bulk-rock Mg da tu m fo r Bouva nte, 
111g is estimated to be ~0.38 based on pyroxene composit ions 
reported by DELANEY el al. ( 1984a). 

The fig ures show da ta averaged (straight fo rward linear 
means) from all sou rces, giving eq ual "weigh t" to each analysis 
or a scr,aratc sa mple. Thus, each of the two Wa86 analyses of 
separa te chips from Laka ngaon was assigned a weight equal 
to that of the single Mc74 Lakangaon analysis. A few data of 
dubious accuracy were excluded fro m the averages; all in
stances where these exclusions might have significant impact 
on the figures are noted above (see Du63, Ko76 and Ni67). 
The recognized "cumu late" eucrites (STOLPER, 1977; MASON 
el al., 1979) comprise Binda, Medani tos, Moama, Moore 
Coun ty, Naga ri a, and Serra de Mage. A photocopy of the 
complete table of' data , incl uding a f'cw additional references 
to ana lyses fo r limited sets of clements (e.g., excl usively Rb 
and Sr), is ava ilable fro m the senior author. 


