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Abstract-Vigarano 1623-S is a forsterite-bearing refractory inclusion in which oxygen, magnesium, and 
silicon show large degrees of mass-dependent isotopic fractionation. The core of 16234 consists of forsteritic 
olivine, fassaite, melilite (Ak&, and spinel, all of which show isotopic mass fractionation, averaging 
-30.6L/amu for magnesium and - lO.OL/amu for silicon; it is enclosed in a mantle consisting of 
aluminous melilite (Ak 16-6o), spinel, perovskite, and hibonite. Hibonite and spine1 in the mantle are 
enriched in heavy isotopes of magnesium by S- 1 %/amu relative to the core. 1623-5 originally formed 
by solidification of a magnesium-rich melt. The endemic isotopic mass fractionation may have been 
caused by evaporation of that melt or may reflect an earlier evaporation event affecting the reservoir 
from which the interior of 1623-5 formed. Later fiash remelting of the outer part of the core, and vola- 
tilization of SiO2 and MgO from the melt so produced, caused formation of a mantle that is in isotopic 
and petrologic di~uili~~um with the core. 

I~ODU~ON 

A SMALL SUBSET OF refractory inclusions in carbonaceous 
chondrites contain mass fractionated oxygen, magnesium, 
and silicon and ubiquitous nuclear isotopic anomalies-the 
so-called WN inclusions. On the basis of isotopic compo- 
sitions of oxygen, magnesium, and other elements, five of 
these peculiar objects have previously been identified, all from 
the Allende C3V meteorite. We previously reported isotopic 
(CLAYTON et al., 1987) data for a Vigarano inclusion (USNM 
16234) that showed it to be the sixth member of this group. 
Subsequent work (MACPHER~N et al., 1987; DAVIS and 

MACPHERSON, 1988) has shown this object to he important 

in another respect, because it shows the first unequivocal 
correlated petrologic and isotopic evidence for volatilization 
in a refractory inclusion. We present here the results of a 
detailed petrologic, chemical, and isotopic study of this unique 
inclusion. 

ANALYTICAL TECHNIQUES 

16234 is one of a number of Vigarano inclusions that were sampled 
for bulk chemical and isotopic analyses and for thin sectioning. On 
a slab surface, this white inclusion was crudely elliptical in shape and 
about 4 mm long. The inclusion was split nearly in half, with one 
portion taken for thin section preparation and the rest sampled for 
bulk analysis. 

The thin section was examined with petrographic and scanning 
electron microscopes (SEM). The SEMs used were a JEOL JSM-35 
equipped with a Kevex 7077 energy dispersive X-ray microanalysis 
system at the University of Chicago and a JEOL 840A equipped with 
a Kevex 8000 X-ray microanalysis system at the Smithsonian Insti- 

* Present address: Grant Institute, Department of Geology and 
Geophysics, University of Edinburgh, West Mains Road, Edinburgh 
EH9 3JW, Scotland. 

tution. All SEM photographs in this paper are backscattered electron 
(BSE) image. 

Electron microprobe analyses were obtained using two instruments. 
The electron microprobe at the University of Chicago is an automated 
Cameca SX-50, equipped with four wavelength dispersive (WD) 
spectrometers and a Kevex energy dispersive X-ray detector. WD 
analyses using this instrument were collected using a I5 kV accel- 
erating potential and a beam current of 30 nA. Data from the Cameca 
probe were reduced via the modified ZAF correction procedure PAP. 
The electron microprobe at the Smithsonian Institution is an ARL 
SEMQ, equipped with six fixed and three adjustable WD spectrom- 
eters. This machine was operated with a 15 kV accelerating potential 
and a 150 nA beam current. Data from the Smit~nian probe were 
reduced according to the procedure of BENCE and ALBEE (1968). 

Trace element contents and magnesium and silicon isotopic com- 
positions in individual phases were analyzed using a modified AEI 
IM-20 ion microprobe at the University of Chicago. The trace element 
analysis method was a modified version of that given by HINTON et 
al. (1988), who measured trace elements other than REEs without 
using energy filtering to reduce interferences. In this work, energy 
filtering was used for all elemental analyses. Ion yields were measuted 
under the same conditions in a variety of synthetic and natural silicate 
minerals and glasses. The methods for isotopic analysis of magnesium 
are given by HINTON and BI~CHOFF (1984). A modified version of 
the method given by CLAYTON et al. (1984) was used for those silicon 
isotopic analyses made by ion microprobe: in order to reduce vari- 
ability in instrumental mass fractionation, energy filtering was used. 
%ii analyses are not reported because of interference from 28SiH, the 
interference of ?SiH on ?Si was < 1%. 

Bulk oxygen and siiicon isotopic analyses were done on aliquots 
of powder removed from the facing piece of 1623-5 using a stainless 
steel dental tool. The oxygen and silicon isotopic analyses were made 
using the methods given by CLAYTON et al. (1984). 

Bulk major and trace elements were analyzed by instrumental 
neutron activation analysis (INAA) using methods described by MAO 
et al. (1990). Major elements were determined via rabbit irradiation 
of an 11.9 eg sample, consisting of only about six grains. A portion 
of the sample was lost during transfer into a supersilica vial for the 
long irradiation; tier transfer the sample weighed 8.2 + 0.1 pg. Cor- 
rections for lanthanum interference on cerium (4%), europium in- 
terference on samarium (0.4%), tantalum interference on thulium 
(11 ‘ST), and ytterbium interference on lutetium (4%) were made by 
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the procedure described by MAO et al. (1990). Despite the small 
sample size, blank corrections were ~570, except for “‘Ce (6%) IaLa 
(8%) **AI (IO%), “Ti (15%). and 56Mn (5 1%). 

DESCRIPTION 

has a structure dominated by a large, nearly spherical reen- 
trant that is filled with meteorite matrix. This structure is 
very similar to one seen previously in the Allende inclusion 
ALVIN and which was interpreted by MACPHERS~N et al. 

( 198 1, 1985) to be a vesicle. 
A BSE photomicrograph and accompanying line drawing The interior portion of 1623-5, composed of olivine, fas- 

of 1623-5 are shown in Fig. 1. The portion of 1623-5 present saite, and akermanitic meliiite, constitutes the major portion 
in the thin section is roughly 4 mm long and just under 1.5 of the inclusion. Overlying the core is an -200 pm thick, 
mm wide. There are two major pieces, separated by 150-250 di~ontinuous melilite-rich mantle. This mantle occurs in 
pm of inte~ening matrix. In addition, many smaller frag- two minemlo~~lly and texturally distinct types, depending 
ments occur in the matrix immediately adjoining both parts on whether the underlying core is composed of melilite and 
of the inclusion. The largest piece of 1623-5 in the section olivine or fassaite and olivine. 

I 1623-5 
~ 
:.:.:~.::;...,: ..; .;. .,) ., :, . . ( m 4esicle 

leteorite Matrix 

JIlllllllllllll~lIi 

FIG. 1. (a) Backscattered electron (BSE) photomicro~ap~ of a thin section of 1623-5. “Y-Z” marks the location of 
the electron microprobe traverse shown in Fig. 10. (b) Line drawing of the photo~aph in (a). showing the locations of 
the major structural features of 1623-S. 
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COW 

The core (Fig. 1) consists mostly of equant 30-170 pm 
olivine crystals poikilitically enclosed within 200-500 pm 
fassaite and melilite crystals. Olivine crystals enclosed within 
fassaite are euhedral to subhedral in shape, but those within 
melilite are rounded and tend to be somewhat smaller in size; 
this difference may be due to a reaction relationship between 
olivine and liquid that produces melilite (see Discussion). 
The fassaite and melilite are inhomogeneously distributed: 
in the larger portion of 1623-5 shown in Fig. 1 fassaite is 
much more abundant than melilite; in the smaller portion 
there is very little fassaite. Spine1 is a minor phase in the core: 
5-20 pm grains are heterogeneously distributed throughout 
as inclusions within all other phases, and clusters of grains 
(“framboids”) are commonly enclosed within fassaite. These 
textures indicate that the order of appearance of phases in 
the core was spine1 first, followed by olivine, and finally fas- 
saite and melilite in uncertain relative order. Excluding the 
mantle, the approximate modal (_ volume) proportions of 
the phases in bulk 1623-5, determined by point-counting, 
are 52% olivine, 16% pyroxene, 7% spine& and 26% melilite. 

Olivine and spine1 both show intense cathodoluminescence 
under electron ~m~dment. All olivine in the core is ex- 
tremely low in iron and shows a strong blue luminance. 
Along grain boundaries and cracks, olivine is more iron-rich 
and shows no visible cathodoluminescence. Similarly, low- 
iron spine1 enclosed within olivine shows a distinctive bright 
red luminescence while iron-bearing spine1 near cracks and 
along alteration veins shows no visible cathodoluminescence. 
Cathodoluminescence photography of the inclusion thus re- 
veals the distribution of iron within the inclusion and indi- 
cates that the iron is secondary in origin: iron enrichment is 
most pronounced near fractures and along grain boundaries, 
and iron-enriched cracks and grain boundaries are more nu- 
merous towards the outside of the inclusion. 

Alteration in this inclusion is relatively minor, similar to 
other Vigarano coarse-grained inclusions but in contrast to 
those from Allende. In addition to enrichments in iron and 
sodium in the major phases near the inclusion margin (see 
Mineral Chemistry) and along fractures, the principal man- 
ifestations of alteration are veins of calcite and an unknown, 
silica-rich phase that preferentially replaces aermanitic mel- 
ilite. 

Melilite Mantle over Melilite-Olivine Core 

In the area of melilite mantle overlying melilite and oiivine 
at one end of 1623-5 (lower left in Fig. 1) the mantle consists 
p~ominantly of relatively ~uminum-~ch mehhte that 
contrasts strongly with the Gkermanitic variety in the inclusion 
interior. An aluminum K, X-ray map (Fig. 2) shows that the 
mantle has a sharp but somewhat irregular boundary with 
the inclusion core. Where the melilite mantle overlies an area 
of olivine poikilitically enclosed in Aks9 melilite, there is a 
50 Mm wide band in which olivine is pseudomorphically re- 
placed by nearly pure Gkermanite. These pseudomorphs are 
invisible with an optical microscope or with BSE imaging 
(Fig. 2a), but are clearly visible in the aluminum X-ray map 
(Fig. 2b); there can be little doubt from the texture that olivine 

has been replaced by aermanite. In this area, rounded areas 
of nearly pure Akermanite are poikilitically enclosed in Akss 
melilite. One such olivine “ghost” can be seen in Fig. 3, be- 
tween the traverses marked K-L and M-N on Fig. 2. This 
grain actually straddles the mantle-core boundary, so that a 
relict portion of the original olivine grain is preserved on the 
“core” end; the relict grain is half-moon shaped (Fig. 3a), 
and its curvature and position conform exactly to those of 
the ghost that is visible on the X-ray map in Fig. 3b. The 
tiermanite ghosts enclose tiny randomly dispersed spine1 
grains, just as interior olivine does. Spine1 grains are sporad- 
ically distributed throughout the mantle, and, si~i~cantly, 
near the oute~ost edge of the mantle there are rare small 
grains of hibonite (Fig. 4). The discovery of hibonite in this 
inclusion was unexpected, as the bulk inclusion is rather de- 
pleted in aluminum relative to other refractory inclusions. 
The hibonite occurs as scattered grains only in the outermost 
parts of the melilite mantle overlying the melilite-olivine core 
(Fig. 4) and in the porous portion of the melilite mantle over- 
lying the fassaite-olivine core (described below). As will be 
discussed below, an assemblage containing aluminous melilite 

FIG. 2. (a) BSE photomi~ro~ph of a portion of the ohvine-free 
mehlite mantle of 1623-5 that overlies a forstetite-mehhte-rich core. 
M-N and K-L mark the locations of electron microprobe traverses 
shown in Fig. 11. Note that several of the huge olivine crystals nearest 
the edge of the mantle are incomplete (“half-round”). (b) Aluminum 
X-ray map of the region shown in (a). The mantle consists of melilite 
in the composition range Ak,,-&c.+,, and is thus very Al-rich relative 
to the interior in which the melilite is Akss. Note that many of the 
incomplete olivines in (a) now appear to be whole, because they are 
attached to pseudomorphic “ghosts” of neariy pure akermanite (Ak,). 
Abbreviations: Ak = &cermanite; Fo = forsteritic olivine; Hib = hi- 
bonite; Sp = spinet. 
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FIG. 3. (a) BSE photomicrograph of half-round forsterite grain 
partially replaced by a “ghost” of nearly pure gkermanite. (b) Alu- 
minum X-ray map of the region shown in (a). The Bkermanitic 
“ghost” is not visible in the BSE image but can be clearly seen in the 
X-my map. 

+ spine1 + hibonite (e.g., the mantle) is totally out of equi- 
librium with one containing forsterite + magnesium-rich 

melilite (e.g., the core). 

Melilite Mantle over the Fassaite-Olivine Core 

The portions of mantle that overlie the fassaite-rich core 
are best exposed along the surface of 1623-5 inside the large 
vesicle indicated on Fig. 1. The BSE photomicrograph in Fig. 
5 shows that this mantle is characterized by a discontinuous 
band, IO-25 pm thick and in contact with fassaite, that con- 
sists of a symplectic intergrowth of melilite plus fine-grained 
vermiform perovskite. The intergrowth embays the fassaite, 
thus producing a highly scalloped boundary. A few of the 
wormy perovskites extend for a few microns into the fassaite, 
but, for the most part, the fassaite contains no perovskite. 
Within the symplectite, perovskite is commonly oriented in 
a subradial fashion (Fig. 5) perpendicular to the surface of 
the fassaite interface. The textures of this boundary zone 
clearly indicate that the fassaite has been replaced by the 
melilite and perovskite; the text&es within the symplectite 

FIG. 4. BSE photomicrograph of intergrown hibonite and spine1 
in the mantle of 1623-5. Contrary to the more common case, the 
hibonite here appears darker than the spine1 in BSE imaging because 
of the high iron content of the spine]. Abbreviations: Mel = melilite; 
others as used previously. 

itself suggest either rapid crystallization from a liquid or de- 

vitrification of a glass. 
Outside the melilite-perovskite band is a porous band, up 

to 100 Mm thick, that consists largely of cl-5 pm grains of 
gehlenitic melilite and perovskite. Dispersed within the porous 
band are lo-20 pm spine1 grains. In places, oriented clusters 

of vermiform perovskite crystals within the porous mantle 
resemble those in the gehlenite-perovskite band that overlies 
fassaite. As shown in the BSE photo and Ti X-ray map in 
Fig. 6, the boundary between the porous part of the melilite- 
rich mantle and the meteorite matrix within the spheroidal 
reentrant (vesicle) parallels the shape of the cavity; although 
not visible in Fig. 6, the contact is commonly marked by 
euhedral crystals of andradite. This phase has previously been 
found in accretionary rims in CAIs (MACPHERSON et al., 

1985). A step-scan profile across this mantle (Fig. 7; the lo- 
cation is marked S-T on Fig. 6) shows that Ti02 rises abruptly 

FIG. 5. BSE photomicrograph of intergrown melilite and perovskite 
overlying fassaite in the mantle of 1623-5, located along the interior 
of the large vesicle indicated in Fig. 1. 
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FIG. 6. BSE photomicrograph (a) and titanium X-ray map (b) of 
the mantle and meteorite matrix overlying part of the core of 1623- 
5, along the interior of the large vesicle indicated in Fig. 1. Note that 
the porous mantle is very enriched in titanium (perovskite) and that 
the boundary between the porous mantle and the matrix follows a 
smooth curve that parallels the wall of the vesicle itselc this porous 
mantle/matrix boundary was probably the original wall ofthe vesicle 
prior to the volatilization event that led to the formation of the porous 
mantle. S-T marks the location of the electron microprobe traverse 
shown in Fig. 7. Abbre~ations as used previously except: Fas = fas- 
saite; Geh = gehlenite-rich melilite. 

in passing from core forsterite to fassaite, falls off gradually 
from about 54% in the fassaite except where it drops sharply 
in a spine1 grain, fluctuates through the region of spine1 
f melilite intergrowth and porous mantle, then falls to 
-0.1% within the meteorite matrix. CaO indicates the pres- 
ence of olivine (1.7% CaOf, fassaite (25% CaO), and melilite 
(40% CaO). The CaO content of meteorite matrix next to 
the porous matrix is quite high and reflects the presence of 
andradite. 

MINERAL CHEMISTRY 

Forsterite 

Representative analyses of forsterite are given in Table 1. 
The most characteristic chemical feature is - 1.7 wt% CaO, 
such high calcium contents are a hallmark of olivines in for- 

0.1 - cso (W/o) 

- TiOz (wt%) 

Oil”i”lJ 

0.01~““‘““‘“““““““‘““I 
100 150 200 250 300 

Distance (pm) El 

RG. 7. Electron microprobe step-scan S-T across the contact be- 
tween fassaite-rich core, nonporous mantle and porous mantle, and 
meteorite matrix. Location of traverse is shown on Fig. 6. See text 
for discussion. 

sterite-bearing inclusions (DOMINIK et al., 1978; CLAYTON 

et al., 1984; WARK et al., 1987) and reflect the high temper- 
atures of formation and unusual bulk compositions of these 
inclusions (CLAYTON et al., 1984). These olivines are oth- 
erwise exceedingly pure forsterites, with other elements (Al, 
Cr, Fe, Ti) present at levels rarely exceeding 0.1 wt%. Along 
fractures and grain margins, however, Fe0 concentrations 
can be as high as 1.5 wt%; these higher Fe0 contents are 
probably the result of secondary alteration processes. 

Fassaite 

Rep~~n~tive analyses of fassaite are given in Table 2. 
The range of AI203 and TiOz contents of 1623-5 fassaite is 
shown in Fig. 8. The levels of these elements are similar to 
those found in Type B2 inclusions (e.g., WARK and LQV- 
ERIW, 1982) and in other fo~te~te-bung inclusions (e.g., 
CLAYTON et al., 1984; DOMINIK et al., 1978; WARK et al., 
1987); one exception to the latter is the Allende inclusion 
818 (WARK et al., 1987) in which pyroxene is markedly lower 
in TiOz than that in 1623-L The marked bimodai di~~bution 
of AlaOs contents in Fig. 8 reflects compositional sector-zon- 
ing of fassaite in 1623-5. 

About one-third of the titanium in 1623-5 fassaite is tri- 
valent. Figure 9 is a plot of titanium atoms vs. total cations 
(both per six oxygens) for fassaite, for which the data were 
calculated assuming that all titanium is tetravalent. With only 

Table 1. Elecmxt microprobe analyses 
of foeterite (in wt%). 

26-16 26-27 8-17 

SiOz 42.40 42.76 41.81 
A1203 0.06 0.07 0.06 
Ti@ 0.08 0.08 0.06 
Mi?O 55.62 55.87 55.43 
Fe73 0.05 0.05 0.02 
CA0 1.69 1.72 1.69 

cc!03 ‘n.d. n.d. n.d. 

v203 0.01 n.d. 0.01 

Total 99.91 100.55 99.08 

‘n&-not detected, <O.Ol wt%. 
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Table 2. Electron mtcroprobe analyses of fassaite (in wt%). 

PA P9 P?7 RF-7 P53 

SK)? 47.40 47.33 41.38 39.82 36.27 
Al@3 Il.15 9.94 16.98 17.66 22.83 

TiOz’ 2.90 3.X2 5.53 6.04 7.82 

Mb0 14.22 14.52 11.52 I I.51 8.53 
Fe0 0.03 0.03 0.04 0.03 0.1s 

GO 24.X0 24.92 24.64 25.40 25.03 
Na20 +n.d. n.d. n.d. n.d. n.d. 
MnO n.d. n,d. n.d. 0.01 0.01 

CQO3 n.d. 0.01 0.03 0.04 0.07 

Wf? n.d. 0.05 0.06 0.08 0.16 

SC203 n.d. 0.1 1 0.06 0.10 0.03 

Y?Oi 0.02 n.d. n.d. 0.01 0.02 
ZrOz 0.02 0.03 0.04 0.04 0 OS 

Total 100.54 100.76 100.2X 100.74 100.97 

*Total Ti as TiOz. +n.d.--not detected, <O.Ol wt%. 

three exceptions, the analyses show less than four cations per 
formula unit (the same results were obtained with both elec- 
tron probes, by different analysts using different standard sets). 
This relationship implies that some of the titanium (the only 
abundant multivalent element) must be trivalent. Plots of 
the type shown in Fig. 9 have the property that constant 
values of the ratio Ti+3/(Ti+3 + T?) are defined by straight 
lines passing through four cations per six oxygens at zero 
titanium per six oxygens. Several such lines, corresponding 
to a range of Ti+3/(Ti+3 + Ti’4) values, are plotted in Fig. 9. 
More than half of the data fall in the range of 0.2 to 0.4 for 
this ratio. Although the errom in calculating the values plotted 
in Pig. 9 are large because the total titanium content of 1623- 
5 fassaite is low, the data suggest that approximately 30% of 
the titanium in 1623-5 is trivalent. Most of the analyses plot- 
ted in Fig. 9 are from the core of the inclusion. However, 16 
of the analyzed fassaites are located in the region immediately 
underlying the melilite-~rovs~te portion of the melilite-~ch 
mantle (shown in Fig. 5); 9 of these plot between Ti+3/(Ti*3 
+ Ti+4) = 0 and 0.2, implying that most or all ofthe titanium 
in fassaite next to the mantle is tetravalent. 

Melilite 

Repr~ntative analyses of melilite are given in Table 3. 
In the main mass of 1623-5, most of the melilite in the core 
is of Akss composition with little zoning (analysis # 13 1, Table 

t -I 

080iA 
10 12 14 16 18 20 22 

AI,O, (wt%) 

FIG. 8. A&O3 vs. Ti& in fassaites in 1623-5. The marked bimodality 
that shows most strongly in Al203 is the result of ~rn~sition~ sector- 
zoning in crystals. 

Total Cations per 6 Oxygens 

FIG. 9. Ti vs. total cations per six oxygens in 1623-5 fassaite. See 
text for discussion. 

3). Forsterite-free melilite in the smaller of the portions of 
1623-5 (on the right side of Pig. 1) is zoned, as shown in the 
zoning profile in Fig. 10: from a minimum of Ah, near a 
spine1 at the center of the profile, the Ak contents increase 
smoothly outwards and eventually reach Aka?. Adjacent to 
olivine, there is a sharp increase from Aka, to Ak95. The Ak 
zoning is accompanied by more complex zoning in Ti02, in 
which TiQ2 first increases with Ak content, then drops. 

Two step-scan profiles across mantle melilite are plotted 
in Fig. 11; the locations of these traverses are indicated on 
Fig. 2. In profile K-L, the traverse extends from a core for- 
sterite grain into Akss typical of interior melilite. It then passes 
into an Bkermanite pseudomorph (ghost) of olivine; the 
change in gehlenite content, from Ak,, to Akga, occurs over 
a distance of only 5 pm (CaO profiles, also plotted, clearly 
distinguish between melilite, which contains -41 wt% CaO, 
and olivine, which contains 1.7% CaO). The ikermanite in- 
side of the pseudomorph is uniformly Ak97_tm (analyses 
#M 112 and M120, Table 3). As the traverse passes from the 
Bkermanite ghost out into the melilite mantle, the melilite 
composition changes from AkY8 to Ak, over a distance of 
20 pm. Thereafter. the composition of the mantle melilite 
gradually changes from Ak, to Ah, (at the outermost edge 

Table 3. Electron m~croprobt: analyses of meliltte (in wt%). 

432 103 I13 131 Ml20 Ml12 

St@ 27.14 31.62 33.68 41.47 43.65 44.01 
Al& 2X.56 19.92 17.43 4.15 0.74 0.32 
Tiq 0.0X 11.11 0.30 0.10 0.02 0.06 
Mb0 3.94 S.YA 7.11 12.20 14.35 14.73 
Fe0 0.14 0 66 0.20 0.19 0.22 0.20 
CaO 40.00 40.40 40.x9 40.81 41.17 41.66 
Nqo *La. I) 30 0.29 0.14 0.06 0.04 
K20 0.02 0.0 I 0.01 0.01 ,,.a. n.a. 
MflO n.3. n il. 0.a. 7l.a.. 0.01 0.01 
CKQ (1.0’ O.OJ 0.04 0.05 ‘n.d. 0.01 

wh 0.01 11 a n.a. n.a. n.d. n-d. 
SC&I? Il.il. ii ;,. ,,.a. “.a. n.d. 0.02 
Y?O? II .3 II :I ,,.a. n.a. n.d. 0.01 
TIO? n.;,. /I ‘I ,,.a. “.a. t1.d. n.d. 

Total 100.00 YY IO ‘W.YS 99.12 100.22 101.07 

Ak: 23 3h 53 89 98 99 

*n.a.-not analyzed. ‘n.d.--not detected, co.01 wt%. $Ak-mole B 
akemianitc, calculated from Al and Si cations per 7 oxygens. 
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0.1 

c ---Qwt%) -03 PIeI. to Cl’s) 
-Get&ite’(mole%) -Y (&I. to Cl’s) 

0.01 *"*'.""'. . *“.“““.’ .“’ 

$ 5o 
100 150 200 250 300 

Distance (pm) El 

FIG. 10. Step-scan Y-Z across the me~Iite-~ch portion of 1623- 
5. The location oft& traverse is shown on Fig. la. See text for dis- 
cussion. 

of the inclusion). The second traverse shown (M-N) starts 
in core forsterite, passes into an gkermanite pseudomorph, 
then into normal &+ core melilite, and finally into melilite 
mantle. The Akermanite pseudomorph in this case contains 
2 mol% gehlenite, and again there is a sharp boundary be- 
tween .&k9s and AIQ~ melilite. Where the Aksg melilite is di- 

- CaO fwt%) 

F - Fe0 &l%.i 
mmmn, Gehlenite (mole%) 

Distance (pm) 

q Distance (pm) B 

FW. 11. Stepscans K-L (a) and M-N (b) across the meiitite mantle 
overlying the melilite-rich core of 1623-5. The locations of the tra- 
verses are shown on Fig. 2. 

rectly in contact with the melilite mantle, the composition 
changes from Aks9 to ;ikM, over only 10 pm and the melilite 
mantle is zoned gradually from Ab to Ah).. 

A histogram of the melilite compositions in 1623-5 (Fig. 
12) shows a distinct trimodal composition, reflecting the dif- 
ferent origins of these melilites. The sharp peaks at Aks9 and 
Akg8 represent the normal core melilite and olivine pseu- 
domorphs, respectively, in which there is little compositional 
variation. The melilite in the compositions range r%LkCT5 con- 
sists mostly of melilite from the outer mantie, which covers 
a relatively broad compositional spectrum. 

Melilite in the compact mantle overlying fassaite is in the 
range Akjaaj (analyses #IO3 and 113, Table 3). In the porous 
portion of the mantle, the range is AklbA3 (analysis #432, 
Table 3). 

Although largely unaltered, 1623-5 melilite nonetheless 
does show the effects of some secondary processes. Fe0 pro- 
files on Fig. 11 show that Fe0 contents rise dramatically in 
cracks, and, in addition, the Fe0 content of the mantle mel- 
ilite gradually increases outwards as the inclusion margin is 
approached, from 0.25 to 0.45 wt%. Sodium in melilite also 
increases toward the margin of the inclusion. We attribute 
these enrichments to secondary introduction of sodium and 
iron into the melilite. 

Spine1 

Representative analyses of spine1 are given in Table 4. CaO 
and SiOz contents average around 0.13 and 0.10 wt%, re- 
spectively. Fe0 contents for most interior spinels, particularly 
those enclosed within olivine crystals and thus presumably 
protected from the effects of secondary processes, are generally 
less than -0.01 wt%. In contrast, many of the spinels near 
the outer margins of 1623-5, and even many in the interior 
that are not enclosed within forsterite crystals, show moderate 
to large enrichments in iron; crystals bordering the meteorite 
matrix have been found to contain as much as 15 w-t% FeO. 
Fe0 and MgO strongly anticorrelate in the spinel, suggesting 

I I I I I I I 

30 40 50 60 70 80 90 100 
Mole % Akermanite 

FIG. 12. Histogram of aermanite compositions in 1623-5 melilites. 
The three peaks correspond to the three different kinds of melilite in 
the inclusion: nearly pure Akermanite that forms pseudomorphs afler 
olivine, Abs that occurs in the inclusion core, and Kk;ao in the melilite 
mantle. 
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Table 4. Electron microprobe a&yses of spine1 (in wt%). 

437 439 440 403 405 

SiO2 0.12 0.04 0.03 0.14 0.15 
A1203 70.55 70.12 70.66 69.07 64.41 
TQ 0.31 0.32 0.01 0.66 0.31 
MSQ 28.07 27.72 28.10 26.07 17.58 
Fe0 0.15 0.21 0.41 2.58 15.14 
CaO 0.16 0.18 0.10 0.17 0.33 
CQO3 0.34 0.31 0.02 0.28 0.09 
v203 0.17 0.1 I 0.29 0.16 0.21 

TOLlI 99.87 99.01 99.62 99.13 98.22 

437,439.440 from interior; 403,405 from outer part of 
mantle. 

that iron is substituting for m~nesium in the spine1 structure 
and therefore is probably present as Fe’+. 

Hibonite 

Representative hibonite analyses are given in Table 5. 
Ranges of minor element contents in the hibonite are as fol- 
lows: Ti02, 4.15-5.88 wt%; MgO, 2.24-3.16%; FeO, 0.26- 
0.57%; V203, 0.21-0.28%; Cr,O,, 0.02-0.07%. 

ISOTOPIC COMPOSITION 

BuIk D&i 

The bulk oxygen isotopic composition of 1623-5 is 6”O 
= -23.0%~ and S”O = -8.3%~ Oxygen data are plotted on 
a three-isotope diagram in Fig. 13, relative to Standard Mean 
Ocean Water (SMOW). Compared to the mixing line defined 
by data for Allende refractory inclusions, the bulk compo- 
sition of 1623-5 is ‘80-rich, “O-poor and plots near the in- 
clusions TE, CG-14, Cl, and EKl-4-l. The isotopic com- 
positions of the latter inclusions have been interpreted as 
resulting from a mass fractionation event that operated on 
material having the composition ofthe extreme 160-rich end 
of the Allende mixing line. Along with the inclusion HAL 
(LEE et al., 1980), these are the only known inclusions to 
show such mass fmctionation in oxygen. The oxygen isotopic 
fractionation from the extreme ‘60-rich end of the Allende 
mixing line is essentially identical in 1623-5 and Cl (Fig. 
13). As we will show below, 1623-5 also shares with these 
other inclusions a strongly mass-fractionated magnesium 
isotopic signature. 

The bulk silicon isotopic composition of 1623-5 is 629Si 
= 10.5210 and 630Si = 20.26%0. The only inclusion with a 
larger silicon mass fractionation is Cl (MOLINI-VELSKO et 
al., 1983), which has S3*Si = 28.52%0. The only other inclu- 

Table 5. Electron microprobe 
analyses of hibonite 
(in wt%). 

Sample 409 408 

SiO2 0.25 0.14 
AM% 84.68 82.65 
Tie 4.15 5.79 
Mb0 2.24 3.16 
Fe0 0.57 0.46 
ChO 8.35 8.49 
Cr203 0.05 0.06 
v203 0.25 0.28 

Total 1 oo.s4 101.03 

-40 -30 -20 -10 0 
F’*o (%O) 

FIG. 13. 3-isotope oxygen diagram showing the mass-fractionated 
nature of 1623-5 oxygen relative to the normal Allende mixing line. 
Data for the FUN inclusions Cl and EK-1-4-I are from CLAYTON 
and MAYEDA (1977) and for CG-14 and TE are from CLAYTON et 
al. (1984). 

sions with substantial silicon mass fractionations are EKl- 
4- 1, CG 14, and TE. MOLINI-VELSKO et al. ( 1983) determined 
that on a plot of 629Si vs. S3’Si nearly all CAIs and chondrules 
lie along a line passing through the origin and having a slope 
of 0.5046. After correcting 629Si for mass fractionation using 
S?li and a slope of 0.5046, there remains an excess of 0.3O%o 
for a2’Si. This is outside experimental uncertainty of 
+ -0.1 L. Calculated in the same way, Cl has an excess of - 
0.46%0 for 6”Si. LOSS et al. (1990a) found that 1623-5 has 
nuclear isotopic anomalies in magnesium, calcium, titanium, 
strontium, barium, and samarium and pointed out that the 
anomalies for each of these elements, along with oxygen, are 
identical within analytical uncertainty to those in C 1. To this 
list can be added silicon. LOSS et al. (199Ob) reported that 
1623-5 has a small negative 54Cr anomaly, only one-third 
the size of the anomaly in C 1 (PAPANASTASSIOU, 1986). As 
chromium is less refractory than the other elements with nu- 
clear isotope anomalies, some exchange with normal solar 
system material may have occurred. The agreement in iso- 
topic composition between the two FUN inclusions remains 
quite remarkable. 

Ion Microprobe Data for Discrete Phases 

The isotopic compositions of magnesium and silicon were 
measured by ion microprobe in the major individual phases 
in the core and mantle (Table 6). All interior phases have 
nearly identical average magnesium isotopic compositions, 
but silicon is not as i~topi~ly heavy in olivine as it is in 
melilite and fassaite. Mantle melilite is virtually identical in 
isotopic composition to interior melilite in magnesium and 
silicon isotopic composition, whereas spinet and hibonite in 
the mantle have significantly heavier magnesium than interior 
phases. Both the porous mantle and the compact melilite- 
perovskite mantle overlying fassaite-rich portions of the in- 
terior have magnesium that is isotopically lighter than interior 
phases but still quite heavy compared to normal solar system 
materials (Table 6). Tbe data confirm the preliminary finding 
of MACPHERSON et al. f 1987) that, while all petrologically 
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Table 6. ~gnesiurn and silicon isotopic composition of phases in Vigarano 1623-5, deter- 
mined by ion microprobe. Uncertainties given are ?2~r standard errors. 

Phase Number A25Mg (S) @Mg (%o) Number 63o.S (S) 
of spots mea” range mm” of Scx.xS 

h&or 
Olivine 38 29.2 f 0.4 24.6-35.2 -0.8 f 0.8 4 15.2 f 7.0 
Melilite, Ak,7o 19 31.9 f 0.3 29.5-35.7 -0.3 * 0.9 4 27.1 f 5.0 
Fassaite 7 33.0 rt 0.9 31.0-38.3 -1.3 f 2.5 3 24.1 f 3.8 
Spine1 2 31.5 It 0.6 31.2-31.8 -3.7 * 6.2 

Bulk’ 30.6 t 0.3 -0.9 It 0.7 20.0 f 4.2 
Ma& 
Melilite, Ak<70 13 32.9 + 0.9 2x.9-35.0 -1.9It I.2 1 28.3 + 7.4 
Spine1 4 3X.2 + 1.5 36.0-39.4 -3.7 f 3.6 
Hibonite 2 45.0 * 3.9 43.1-47.0 -4.8 + 0.4 
Porous Rim 2 24.3 + 0.4 24.1-24.5 -3.4 r 5.4 
Melilite-Perovskite 5 2X.9 It 2.6 24.4-3 I .7 0.0 + 2.3 

Atlt 96 -1.3 + 0.6 

*Weighted average composirion. assuming 52% olivine. 26% melilite, 16% pyroxene and 7% 
spine]. ttncludes 4 analyses that overlapped onto two or more phases. 

distinct portions of 1623-5 show enrichments in the heavy 
isotopes of magnesium and silicon, some phases in both the 
coherent and porous portions of the melilite mantle show 
larger degrees of mass fractionation than those in the core. 
The bulk magnesium and silicon isotopic composition of the 
interior of 1623-5 was calculated from the modal proportions 
of the phases and the mean isotopic com~sitions of phases. 
The calculated bulk silicon isotopic composition, S30Si = 20.0 
+- 4.2%0, is in agreement with the value measured by con- 
ventional mass spectrometry, h30Si = 20.26%. 

CHEMICAL COMPOSITION 

Bulk Analyses 

The bulk composition of 1623-S as determined by INAA 
is given in Table 7. Ion microprobe analyses of a number of 
trace elements, including the REEs, in the phases of 1623-5 
are given in Table 8. The recons~ct~ bulk com~sition in 
Table 7 was obtained by combining the com~sitions of in- 
dividual phases (determined by electron and ion microprobe) 
in their modal proportions (as measured by point-counting). 

The bulk REE pattern for 1623-5 as determined by INAA 
is shown in Fig. 14, along with the REE patterns of the two 
other forsterite-rich FUN inclusions CG-14 and TE (CLAY- 
TON et al., 1984; WARK et al., 1987). 1623-5 is slightly en- 
riched in heavy REEs (HREEs) over light REEs (LREEs) and 
has a large negative europium anomaly. Also shown on Fig. 
14 is the bulk REE pattern of 1623-5 reconstructed from 
electron and ion microprobe data and modal proportions of 
phases. This ~ns~ction also yields a HREE-enriched 
pattern but is lower in overall abundance, has a greater en- 
richment of HREEs relative to LREEs, and has a much 
smaller negative europium anomaly. The higher REE content 
and large negative europium anomaly in the INAA bulk pat- 
tern is caused by the absence of melilite from that sample. 
The overabundance of fassaite in the INAA bulk pattern is 
also indicated by the high scandium content of the INAA 

+ In this context, XC1 indicates enrichment factor relative to Cl 
chondrites and should not be confused with the refractory inclusion 
named Cl. 

sample (-60 X Cl chondrites).’ It is not surprising that the 
INAA bulk sample is unrepresentative, as it consisted of only 
six grains. 

The reconstructed bulk REE pattern of 1623-5 shows lower 
overall enrichment factors than those of CG- 14 and TE, this 
is probably due to the higher proportion of olivine in 1623- 
5. WARK et al. (1987) previously noted that TE and CG-14 
have HREE-enriched patterns; in order for 1623-5 to have a 
hat REE pattern, the melilitejpyroxene ratio would have to 
be 7 rather than the observed ratio of 1.7. The fact that now 
three forsterite-hearing inclusions have such patterns would 
seem to be. a real characteristic of such inclusions and not a 
sampling bias. It seems unlikely that our sample of 1623-5 
could be so unrepresentative and that the other two samples 
of forsterite-rich F’UN inclusions could be unrepresentative 
in the same way. 

The INAA analysis of 1623-5 shows that refractory sidero- 
philes are enriched by 2.2-3.5 X Cl. As these elements are 
likely to be contained mostly within very small metal-oxide- 
sulfide grains (presumably submic~~opic, as none were ob- 
served in a thorough SEM examination of the polished sec- 
tion), this bulk composition is probably more representative 
of the whole than in the case of the lithophile elements. TE 
and CG- 14 have similarly low enrichment levels for the sid- 
erophile elements (CLAYTON et al., 1984; WARK et al., 1987), 
but only HAL has levels as low as these (DAVIS et al., 1982). 

Individual Phases 

Ofthe primary igneous phases in the core of 1623-5, fassaite 
has the highest con~nt~tions of trace elements: REE en- 
richments are 10-80 X Cl (Fig. 15), and scandium, titanium, 
yttrium, zirconium, and niobium are highly enriched. The 
average REE pattern is characterized by a gradual increase 
in REE enrichment factor by a factor of 2 from lanthanum 
to samarium, a negative europium anomaly, and uniform 
enrichments in the HREEs at about the same level as sa- 
marium. The individual patterns are similar in shape, but 
vary by a factor of 5 in absolute concentration. The patterns 
become somewhat flatter with increasing REE concentration; 
fassaite in Allende coarse-grained Type B 1 inclusions shows 
the some effect (MACPHERSON et al., 1989; DAVIS et al., 
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Tablc7. Bulk composition of Vigarano 1623-5. Oxide 
concentrations are given in ~1% and clement con- 
centrations in !_wn. . . 

Element INAA* Reconwwtcdt 

Na 

M@ 
Al2Oj 
Si& 
Cl 
K 
cao 
SC 
TiOJ 
V 
Cr 
Mn 
FCO 
CO 
Ni 
7.n 
AS 
SC 
Br 
Rb 
Sr 
Y 
zr 
Nb 
MO 
RU 
Sb 
CS 
Ba 
la 
Cc 
pr 
Nd 
Sm 
Eu 
Gd 
Tb 

DY 
Ho 
!?I 
Tm 
Yb 
LU 
HI 
Ta 
W 
Rc 
OS 
Ir 
AU 

Th 

<350 
43.6 i 1.3 
5.56 i 0.07 

<1200 
237 i 33 

8.16 !Z 0.83 
358.06 i 0.08 

1.21 * 0.08 
146+7 
215_+3 

28.1 * 8.3 
0.836 i 0.012 

16.9 It 0.8 
9320+ 10 

71 f 14 
2.40 ?I 0.10 

<o 12 
29.3 f 1.7 

<25 

78t 15 

1.97 It 0 35 
2.50 f 0.16 

<0.39 
<O.lO 
<1 10 

2.03 + 0.05 
6.38 + 0.23 

2.01 * 0.01 
<0.0X4 

0.554 f 0.022 
2.38 + 0.72 

0.890 i 0.066 

0.336 ? 0.046 
2.81 i 0.05 

0.349 i 0.015 
4.40 i 0.23 

0.200 i 0.071 
<2.5 

0.0x3 I + 0.0059 
1.40 f 0.17 

I.618 + 0.003 
0.177 + 0.003 

0.200 * 0.034 

362 
35.7 
8.60 
39.3 

40.8 
15.4 
85.3 

O.XR4 
64.1 + 3.6 

237 
14.7 * 5.5 

0.107 

0.778 i 0.090 
96.4 
II.‘) 
35.5 

0.845 t 0.0!.43 

1.08 f 0.09 
I .0x 
3.12 

0.578 
3.21 
1.17 

0.401 
I .6X 
0.31 I 
2.17 

0.493 
I .59 

0.259 
1.68 

0.257 
0.738 +_ 0.042 
0.066 i 0.020 

u <().I4 

l lNAA uncertainties are +lo, based on counling statislics; 
upper limits arc ~20. *The rcconstructcd bulk compositton 
is calculated from modal proportions, electron microprobe 
oxide concentrations and ion microprobe clcmcm conccn- 
trations. Unccnaintics arc fib and ax only given when 
they exceed 5% oi the amount prcscnt. 

1990b). Fassaite has a remarkably wide range in scandium 
contents, 10.2-168 X Cl. Scandium has a fassaite/liquid 
partition coefficient that is substantially greater than 1, so 
that early-formed fassaite is quite scandium-rich. Crystalli- 
zation of fassaite rapidly depletes the liquid in scandium, so 
later-formed fassaites can have quite low scandium contents. 
For this reason scandium is useful as a measure of degree of 
fassaite crystallization. Plots of Sc vs. La, Y, and Zr (see DAVIS 

et al., 199Ob) show that early-formed fassaite contains - 160 
X Cl SC, 8 X Cl La, and 30 X Cl Y, and the latest crys- 
tallized fassaite measured contains - 10 X Cl SC, 40 X Cl 
La, and 80 X C 1 Y. Zirconium decreases only slightly, from 
70 to 55 X Cl. The trace element zoning in 1623-5 fassaite 

is similar to that in the Allende Type Bl inclusion TS-34 

(DAVIS et al., 1990b). 
Olivine is lower in REEs than the other major phases in 

the core of 1623-5, but has rather high REE concentrations 
for olivine. REE enrichment factors in olivine increase 

smoothly from ~0.1 for lanthanum to 3 for lutetium (Fig. 
15). This type of HREE-enriched pattern has been observed 
in calcic olivine from the Angra dos Reis-like meteorite LEW 
86010 (CROZAZ et al.. 1988). Olivine formed in normal ter- 

restrial, lunar, and meteoritic igneous environments typically 
has REE enrichments of ~0.0 1 X C 1. 

Melilite has variable concentrations of REEs. An average 
pattern representing 17 REE analyses of core melilite is shown 
in Fig. 16, along with the total range observed. The average 
REE pattern has enrichments that decrease smoothly from 
-7 X C I for lanthanum to -3 X Cl for lutetium. At the 
upper limit of the range, one melilite spot has a REE enrich- 

ment that decreases smoothly from 20 X Cl for lanthanum 
to 12 X C 1 for lutetium. Europium is enriched by 30 X C 1. 
Seven melilite spots at the low end of the concentration range 
have LREEs at 0.3-0.6 X Cl, europium at 1 l-24 X Cl, 
yttrium at -0.2 X C 1, and HREEs are below detection limits. 

Akg5_99 melilite that has replaced olivine has REE patterns 
whose enrichment factors decrease by about a factor of 3 
from lanthanum to lutetium, but with overall lanthanum 

enrichments ranging from 0.6 to 9; europium is uniformly 
enriched by 2 1 X C 1 (Fig. 17). The REE patterns of these 
melilite grains do not resemble those of the olivine that they 
have pseudomorphically replaced. 

,&0_60 melilite in the melilite mantle has a REE pattern 
(Fig. 18) similar to that of Ak95_99 (Fig. 17), with lanthanum 
enrichments of 2.4-3.4 X Cl and europium enrichments of 
13- 17 X C 1. Several REE analyses were made of the melilite- 
perovskite intergrowth in the mantle overlying the pyroxene- 
rich portion of 1623-5 (Fig. 5); an average pattern is shown 
in Fig. 18. Compared to underlying fassaite, the gehlenite- 
perovskite intergrowth has a similar overall REE enrichment 
factor but a flatter REE pattern with all REEs except euro- 
pium enriched by 25-30 X C 1. Europium is enriched by only 
11 X C 1. The AkV9 that pseudomorphically replaced olivine, 
.&,_,, in the melilite mantle, and the melilite-perovskite 
intergrowth are richer in barium than any of the interior 

phases (Table 8). 
The porous mantle has a REE pattern (Fig. 17) that is 

similar to that of underlying fassaite but has no europium 
anomaly. The porous rim is quite high in barium; its enrich- 
ment is 16-85 X Cl, while phases measured in the rest of 
the inclusion have enrichments of only <O. 15-8 X C 1. 

The smaller portion of 1623-5 contains a large area of 
olivine-free melilite, bounded on both sides by olivine-rich 
melilite (Fig. 1). Plotted on Fig. 10 is an electron microprobe 
step scan across this area; also plotted are several ion micro- 
probe analyses for cerium and yttrium. From the edge to the 
center of the crystal, there is a monotonic change in melilite 

. . 
composltlon from .&ks9 to AkT2. This is the variation expected 
if this melilite crystallized from points Y and Z towards the 
spine1 aggregate in the center. The partition coefficients for 
melilite in this composition range are low, 0.05-o. 1 (KUEH- 

NER et al., 1989; BECKETT et al., 1990); thus, the REE content 
should increase continuously towards the center ofthe grain. 
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Table 8. Major end trace elements in phases in Vigatano 1623-S. determined by ion micropmbe. CXde concentrations are given in wt% and element concentrations are given in 
pptn, f!,trors given are flu, based on counting stadstics, and are only given when they exceed 5% of the amount piwen< upper limits are ~20. 

Melilite 1 Meiilhe 2 Melilite 3 Olivine Fassaite Ake7manite Meiilite Mantle Melilite-Pewskite Porous Mantle 

w 
A1203 
Si@ 
CaG 
Tit& 
Fe0 
Ne 
K 
sc 
V 
cr 
Mn 
Rb 
ST 
Y 
zr 
Nb 
Be 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 

w 
HO 
Er 
Tm 
yb 
Lo 

11.1 
1.92 
37.5 
43.1 

0.0678 
0.130 f 0.018 

1153 
49.1 

5.63 f 0.61 
<ll 

51 f 13 
<33 

I .33 i 0.30 
271 

0.246 f 0.07 1 
0.87 i 0.22 

0.389 + 0.079 
1.80 f 0.30 

0.242 f 0.043 
0.313 f 0.086 
0.082 f 0.024 

0.49 f 0.10 
0.064 f 0.044 

0.892 
<0.14 

co.028 
<O.li 

0.072 f 0.020 
20.10 

co.034 
<0.074 

0.035 f 0.015 

12.3 
6.20 
39.1 
40.4 

0.0911 
0.996 
1487 
165 

7.92 f 0.53 
6.8 * 5.1 
63f15 
81+15 

1.71 + 0.29 
384 

4.90 f 0.27 
4.74 f 0.44 
0.91 f 0.10 
3.81 f 0.36 
1.95 f 0.10 
3.42 f 0.23 

0.546 f 0.048 
2.35 f 0.17 

0.613 * 0.053 
1.35 

0.90 f 0.12 
0.139Oi 0.021 

0.73 f 0.10 
0.246 f 0.028 
0.586M 0.072 
0.110 f 0.018 
0.460 f 0.066 
0.033 f 0.014 

11.5 
7.93 
38.0 
41.7 

0.286 
0.447 i 0.028 

970 
68.5 

10.8 f 1.3 
10.9 f 5.7 

55*14 
21 f 17 

2.98 f 0.9o 

321 
16.0 f 1.2 
13.3 i 1.8 

2.73 j: 0.43 
4.00 -f 0.89 

3.78 f 0.33 
9.42 i 0.92 
1.34 f 0.18 
6.53 It 0.67 
1.47 f 0.19 
1.41 f 0.11 
2.24 f 0.41 

0.322 f 0.074 
2.08 f 0.39 

0.290 f 0.073 
1.55 f 0.26 

0.209 f 0.051 
1.85 f 0.28 

0.168 f 0.054 

52.3 
0.780 
44.8 
1.95 

0.0578 
0.062 f 0.010 

23.8 
10.4 
40.2 

49.5 f 6.3 
381 f 33 

<I2 
0.28 f 0.12 

3.72 f 0.28 
2.53 i: 0.21 
0.24 + 0.1 t 

0.214 * 0.053 
0.25 i 0.10 

<0.022 
0.068 * 0.040 
0.021 + 0.013 
0.060 f 0.044 
0.063 It 0.036 

co.016 
0.060 f 0.043 

<0.016 
0.289 f 0.068 
0.107 f 0.020 
0.374 * 0.055 
0.077 f 0.013 
0.704 i 0.074 
0.100 f 0.017 

13.6 13.1 7.61 9.52 13.9 
14.2 I .90 16.3 15.9 14.7 
43.0 41.0 33.9 30.2 30.2 
25.1 41.4 39.9 40.3 21.4 
3.72 0.0702 0.227 2.90 5.50 

0.230 f 0.024 2.19 1.37 0.527 12.4 
59.2 801 2591 3083 8874 
40.6 18.5 130 233 1597 
402 6.73 It 0.74 59.2 198 958 
237 c5.9 30.9 t 6.6 144* a 335 

159f 16 67ItI5 29t 10 172f 11 1622 123 
<48 354 46+22 25i20 634 

1.24 f 0.21 2.83+ 0.52 3.33 f 0.58 1.56 i cl.47 12.9 t 1.2 
46.5 379 226 246 211 
73.3 2.23 f 0.26 3.60 t 0.34 46.4 60.1 
220 0.82 f 0.26 10.5 I 0.9 144 286 

3.20 * 0.17 0.69 f 0.13 0.72 + 0.13 5.72 i 0.45 4.05 f 0.32 
0.93 * 0.16 11.0*0.9 9.47 f 0.83 8.71 * 0.95 94.0 

4.38 0.799 + 0.089 0.636M 0.083 5.81 f 0.29 3.54 i 0.20 
14.9 1.20 It 0.19 1.45 f 0.22 17.0 i 0.9 lO.Ort 0.6 
2.88 0.227 * 0.045 0.295 * 0.052 2.67 C 0.18 2.32 A 0.14 
16.9 1.18 * 0.18 1.04 f 0.17 14.2 f 0.7 12.1 
6.3 1 0.425 It 0.094 0,429 f 0.069 5.13 5.27 

0.564 1.17 * 0.0 0.895 * 0.056 0.653 * 0.058 2.33 
9.41 0.32 f 0.13 0.47 * 0.14 6.56 * 0.55 6.03 f: 0.47 
I .79 0.042 If 0.023 0.127 * 0.028 1.13 * 0.10 1.33 f 0.09 
12.0 0.178 f 0.095 0.52 f 0.13 7.63 * 0.54 8.95 f 0.49 
2.50 0.052 rt 0.024 0.141 i 0.032 1.46 f 0.12 2.09 f 0.12 
8.21 co.14 0.223 i 0.079 4.22 f 0.31 5.44 * 0.30 
1.28 <0.046 0.023 i 0.021 0.699 * 0.060 0.973+ 0.064 
7.69 0.123 f 0.065 0.218 f 0.077 4.28 f 0.34 6.77 f 0.34 
1.24 0.047 t 0.021 <o.O‘lo 0.598 f 0.081 0.880 i 0.080 

Hf 0.1% ziz 0.068 0.301 + 0.074 <0.37 <0.086 4.50 0.59 i: 0.12 0.26*0.11 2.90 It 0.39 5.81 * 0.42 

Key: Metilite 1-interiormelilite, 7 analyses with low REX Melilite 2-Interior meiilhe, 9 analyses with intermediate REE. Melilite 3-Interior melilhe. 2 analyses with high 
REE. Olivine-6 analvses. Fassaite-8 analvses. ~kemunite-txeudomorohs after olivine, 4 analyses. Melilite Mantle-Ak4o.~. 4 analyses. Melilite-Perovskite- 
intergrowth in mantle, danalyses. Porous mantie- analyses. 

It is obvious from Fig. 10 that the situation is more compli- 
cated for this grain, as the REE contents are high near point 
Y, drop by factors of 30-40 halfway between point Y and 
the spinel, and increase again by factors of 30-40 near the 
spinei. It is clear from the REE profile that this o&&e-free 
melilite area did not simply crystallize from a melt. It may 
represent mantle and interior melilite that has been sampled 
by the plane of the thin section in a complicated way. 

DISCUSSION 

There are four separate questions concerning the genesis 
of 1623-5. (1) How did it acquire the nuclear anomalies in 

.Y 
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FIG. 14. INAA and reconstructed bulk REE abundance diagrams 
for 1623-5. Also shown for comparison are the bulk REX patterns 
for two other forsterite-bearing FUN inclusions, TE and CG- 14. 

its core? (2) How did it acquire the extreme mass-fractionation 
effects in the core, apart from any questions of how the mantle 
formed? (3) What is the relationship between the mantle and 
the core? And (4), how did the mantle form? The first of these 
questions will be considered in a separate paper (LOSS et al., 
in prep.); we address only the last three here. 

0.01 
La Ce Pr Nd Sm Eu Gd Tb Dy&loErTrriYbLu 

FIG. 15. Average REE patterns of olivine and fassaite from 
core of 1623-5, with the range of fassaite compositions shaded. 

the 
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FIG. 16. Average and range of REE patterns for melilite from the 
core of 1623-5. 

Petrologic Constraints 

The bulk composition of the core of the main portion of 
1623-5 is highly forsterite-normative; plotted (Fig. 19) on a 
forsterite-anorthite-gehlenite projection from spine1 (STOL- 

PER, 1982), the core bulk composition falls in the forsterite 
primary phase field. As shown, a melt of this composition 
will crystallize spine1 or olivine first, followed successively by 
melilite (when the liquid reaches point A in Fig. 19) and 
pyroxene (when the liquid reaches point B). Note that point 
B is a reaction point, at which olivine reacts with the melt to 
form melilite plus pyroxene. Depending on whether the melt 
is exhausted before the olivine has completely reacted, crys- 
tallization will terminate at either point B or point C. 

If 1623-5 followed such a crystallization path, any olivines 
that became trapped within growing melilite crystals while 
the liquid evolved from point A to point B in Fig. 19 should 
have been protected against reaction at point B. The expected 
texture therefore would be euhedral olivines occurring only 
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FIG. 17. Average REE patterns of Ak95_99 melilite that pseudo- 
morphically replaces olivine in the mantle of 1623-5 and of porous 
mantle. 
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FIG. 18. Average REE patterns of melilite + perovskite intergrowths 
and of A&6,, mantle melilite in 1623-5. 

inside early melilite and smaller, rounded and resorbed ol- 
ivines everywhere else. This texture is not observed. Rather, 
euhedral olivines are found mostly inside pyroxene, as if py- 
ruxene had started crystallizing prior to melilite. There are 
several possible explanations for this discrepancy; none is 
entirely satisfactory. The most obvious of these-that 1623- 

5 did not solidify from a melt-seems least likely. Despite 
the discrepancy in the crystallization sequence, the overall 
textures and the fact that there is a very well-defined crys- 
tallization sequence are suggestive of an igneous process. 
Moreover, the two semicircular embayments in 1623-5 are 
similar to structures observed in another forsterite-rich in- 
clusion, ALVIN, and interpreted by MACPHERSON et al. 
( 198 1, 1985) to be vesicles trapped during the solidification 
of the melt from which ALVIN formed. If 1623-5 did solidify 
from a melt, the possible explanations for the discrepancy in 
predicted vs. observed crystallization sequence are as follows: 
(1) the interpretation of the observed textures is incorrect; 
(2) the thin section, used to obtain the point count from 
which the bulk composition is calculated, is not representative 
of the whole inclusion; or (3) the phase diagram is incorrect. 
The textures are simply too straightforward for (1) to be likely 
and (3) is ad hoc. The most probable explanation is a non- 
representative section, because the existing section samples 
only one-half of what is clearly a very heterogeneous inclusion. 

The high calcium contents of the olivine place a constraint 
on the minimum temperature of the melt from which the 
olivine crystallized. Olivine in 1623-5 contains an average of 
4.3 mol% monticellite component. On the 1 atm monticellite- 

forsterite binary (ADAMS and BISHOP, 1985), this composition 
implies a minimum quench temperature of 1150°C. At the 
other extreme, isotherms in the system gehlenite-anorthite- 
forsterite (STOPLER, 1982) indicate that the liquidus temper- 
ature of a melt having the composition of the core in 1623- 
5 might have been as great as 1600°C if the inclusion melted 
completely; the maximum temperature would be less if melt- 
ing were incomplete. 

However, even the most casual inspection of the distri- 
bution and compositions of phases in 1623-5 reveals that the 
core and mantle assemblages are so different from one another 
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as to be out of equilibrium. Specifically, the assemblage in 
the portions of the mantle that overly core melilite, Aho-60 
melilite + spine1 + hibonite, is suggestive of a far more alu- 
minum-rich bulk composition than the fassaite + Aksg mel- 
ilite + forstet-ite assemblage in the core. Considering just the 
composition of the mehlite with respect to phase relationships 
in the simple binary system gehlenite-akermanite, the melilite 
in the core and mantle plot on opposite sides of the binary 
minimum at AkT2 (OSBORN and SCHAIRER, 1941). Although 
there may be a small shift in its composition, this minimum 
persists into systems containing anorthite and pyroxene (GEE 
and OSBORN, 1969). There is no simple way for a single ho- 
mogeneous melt to crystallize melilite having compositions 
on both sides of the minimum during fractional crystalliza- 
tion. No fractional crystallization scheme involving phases 
present in the mineral assemblage of 1623-S could cause the 
composition of the crystallizing melilite to cross this mini- 
mum. This incompatibility suggests that the mantle formed 
from a melt of dzfirent composition than the core. Yet, the 
isotopic compositions of the core and mantle are sufficiently 
similar and unusual that they are almost certainly related. 
The simplest model is one in which the mantle is derived 
from the core during some later event that leaves most of the 
core untouched, and the obvious process is volatilization. 

A schematic illustration of how this volatilization might 
have occurred is shown in Fig. 19. We assume that in a rel- 
atively refractory melt having the bulk composition of the 
core of 1623-5, the most volatile species are SiOZ and MgO 
and that they evaporate at roughly comparable rates (HASH- 
IMOTO, 1983). Two limiting cases are drawn, in which the 
SiO*/MgO weight ratios are 0.65 and 0.82 (the ratio for for- 
sterite is 0.75, that of the bulk inclusion is 1.08). In our model 
the starting bulk composition and the limiting cases are con- 
strained by several petrographic observations. First, the sharp 
boundary between the mantle and core and the absence of 
any relict core phases in the mantle other than spine1 indicate 
that the outer portion of the inclusion melted almost com- 
pletely and volatilized without the core melting at all; thus, 
the starting composition that was volatilized was effectively 
bulk core and not the minimum melt composition at point 
B. An obvious implication of this is that the volatilization 
event was very fast. Second, the presence of melilite pseu- 
domorphs after olivine at the core-mantle boundary suggests 
that the melt composition was driven across the melilite- 
olivine cotectic on Fig. 19. Finally, the absence of pyroxene 
and monticellite from the core-mantle boundary region in- 
dicates that the melt did not pass through the phase volumes 
of either of these two phases; this places limits on the SiOJ 
MgO ratios (assumed to be constant during volatilization) 
permissible in the volatilizing species as shown on the dia- 
gram. The fact that the melilite replacing the olivine is Ak.+99 
suggests that the actual trajectory was probably closer to the 
upper one (SiOz/MgO = 0.65), because liquids near point B 
will be in equilibrium with more magnesium-rich melilite 
than ones farther down the melilite-olivine cotectic (BECKETT, 
1986). Although we have not extended the melt trajectory 
very far into the melilite primary phase volume, in fact the 
final melt must have been sufficiently aluminous to be in 
equilibrium with the Akt6+, melilite found in parts of the 
mantle. 

Isotopic Constraints 

It has long been known that ihe large isotopic mass fmc- 
tionations observed in FUN inclusions such as 1623-5 could 
have been produced by Rayleigh-type volatilization, but 
without knowing the precise nature ofthe volatilizing species 
and the magnitudes of their isotopic fractionation factors it 
has not been possible to quantitatively evaluate such a model. 

Recently, however, DAVIS et al. (1990a) investigated the 
isotopic mass fractionation of oxygen, magnesium, and silicon 
during laboratory evaporation of forsterite. They found that 
evaporation of solid forsterite produced little mass fraction- 
ation in the residue, but that evaporation of liquid Mg2Si04 
produced substantial mass fractionation. The isotopic com- 
positions of the melt residues follow a Rayleigh fractionation 
curve extremely well, with the gas/solid isotope fractionation 
factor closely approximating that predicted from the masses 
of the evaporating species Mg, 02, and SiOZ . These ehperi- 
ments imply that it is necessary to melt the residue in order 
to produce large mass fractionations during evaporation, be- 
cause subsolidus diffusion rates are too low to permit internal 
equilibration of solid residues during evaporation. The pet- 
rologic evidence suggests that the interior of 1623-5 was 
melted, but 1623-5 did not necessarily evaporate while mol- 
ten. If evaporation did occur while the interior of 1623-5 was 
molten, it may have caused the large isotopic mass fraction- 
ations of oxygen, magnesium, and silicon. 

In the DAVIS et al. (1990a) experiments, the degree of mass 
loss of oxygen, magnesium, and silicon was the same in each 
sample, because liquid Mg$iO, evaporates congruently. The 
degree of mass loss of these three elements from the interior 
of 1623-5 can be calculated from the DAVIS et al. (1990a) 
gas/solid isotopic partition coefficients. For silicon, we use 
the bulk value, 6”Si = 20.26%~ For magnesium, we use the 
calculated magnesium isotopic composition of the interior, 
A2’Mg = 30.6%0 (Table 6). For both magnesium and silicon, 
we assume that the starting material had normal isotopic 
composition. For oxygen, two choices exist. If we extrapolate 
along a slope % line from the 1623-5 point to the CA1 ref- 
erence line in Fig. 13, the length of the line corresponds to 
an “0 fractionation of 230/W. In previous experiments where 
mineral separates have been made of FUN inclusions 
(CLAYTON et al., 1984), the data for each FUN inclusion are 
displaced from the CA1 reference line by different amounts 
but lie along a line that intersects the CA1 reference line near 
the terrestrial mass-fractionation line. The most likely expla- 
nation for this behavior is that all of the FUN inclusions were 
mass fractionated away from the (-41, -40) point on the 
three isotope diagram and then later experienced partial iso- 
topic exchange with the same isotopic reservoir as the normal 
CAIs. No oxygen isotopic analyses of mineral separates of 
1623-5 have been made. If we assume that 1623-5 is similar 
to other FUN inclusions in its mass fractionation and isotopic 
exchange behavior, then a second method for calculating the 
degree of oxygen mass fractionation is to measure the length 
of a slope-% line from the (-41, -40) point on the normal 
CA1 reference line to an extension of a line passing though 
the 1623-5 point and the intersection of the terrestrial mixing 
and CA1 reference lines. The length corresponds to an “0 
fractionation of 29%0. 
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FIG. 19. Spine1 projection of the CaO-MgO-Si02-A1203 system onto the plane gehlenite-forsterite-anorthite, showing 
the bulk composition of the fassaite-rich and melilite-rich portions of the core of 1623-5. Fractional crystallization of 
a melt having the composition of the fassaite-rich core will follow the trajectory indicated by the dashed arrow and 
ending at point B. The melilite-rich mantle is believed to have formed by volatilization of SiOz and MgO from such 
a melt by following a trajectory somewhere between the two shaded grey arrows. Further explanation is given in the 
text. 

The percent residue calculated from the Rayleigh equation 
and the DAVIS et al. ( 199Oa) data is 13% for magnesium, 24% 
for silicon, 30% for oxygen if oxygen exchange has not taken 
place, and 23% for oxygen if exchange has taken place. It 
seems unlikely that the degree of mass loss of oxygen was 
greater than that of magnesium and silicon so, in the context 
of a volatilization model, 1623-5 would necessarily have ex- 
perienced oxygen isotope exchange with a normal reservoir 
in the same way as the other FUN inclusions (CLAYTON et 
al., 1984). It is possible that there was greater mass loss of 
magnesium than silicon, as the residue is unlikely to have 
evaporated congruently. 

There are three possible difficulties with interpreting the 
origin of the mass fractionation in the interior of 1623-5 as 
being the result of meIt volatilization. First, if the major ele- 
ment com~sition of the starting material was something 
like chondritic, then it had a very unusual oxygen isotopic 
composition relative to any known bulk chondrites; it would 
have plotted near the lower end of the Allende inclusion 3- 
isotope mixing line. There are materials of approximately 
chondritic composition that plot at this position on the 3- 
isotopic oxygen diagram: one example is the forsterite-rich 
inclusion Vlc (CLAYTON et al., 1987). Second, other forsterite- 
bearing inclusions are known that do not possess large mass- 
dependent isotope fractionations (e.g., CLAYTON et al., 1977; 
their sample Al6S3 and illustrated in their Fig. 5). Because 

the fractionated and nonfractionated inclusions are otherwise 
very similar chemically and mine~o~cally, they must have 
formed by different processes that fo~uitously converged on 
very similar products. The discovery of DAVIS et al. (199Oa) 
that evaporation of forsterite just below the melting point 
produces little isotopic mass fractionation while evaporation 
of molten forsterite produces large mass fractionation pro- 
vides a mechanism for producing chemically similar objects 
with very different degrees of isotopic fractionation. Finally, 
it is not clear why there is an association between large degrees 
of mass fractionation of oxygen, magnesium, and silicon and 
nuclear isotope anomalies in nearly every element measured 
among the FUN inclusions. One possibility is that the pre- 
cursor to most refractory inclusions is isotopically hetero- 
geneous, with individual com~nents having some of the 
isotopic characteristics of the FUN inclusions. Other com- 
ponents in these precursors had isotope anomalies of opposite 
sign in amounts such that homogenization during melting 
and recrystallization produced a CA1 with no detectable nu- 
clear anomalies. If such a precursor were evaporated, some 
refractory phases carrying isotope anomalies might survive 
the evaporation event and leave a residue with mass-frac- 
tionated oxygen, magnesium, and silicon and isotopically 
anomalous refractory elements. Isotopic analyses of individ- 
ual phases likely to be relict in normal CAIs would provide 
a test of such a model. So far, high-precision isotopic analyses 
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of mineral separates from normal CAIs and ion microprobe 
analyses of individual phases in CAIs have not revealed any 
heterogeneity in the distribution of nuclear isotope anomalies. 

In spite of the above arguments, the large mass fraction- 
ation and the similarity of the amount of fractionation of 
oxygen, magnesium, and silicon to that produced in labo- 
ratory evaporation residues (DAVIS et al., 1990a) suggest that 
volatilization played a role in formation of the core of 1623- 
5. If the core itself is not a residue from a volatilization event, 
its precursor may have formed from a reservoir that already 
had the mass-fractionation signature from previous evapo- 
ration events in a poorly mixed portion of the solar system 
or in other stellar environments. Pushing the evaporation 
event back earlier also presents problems: the starting material 
for the evaporation must have the same isotopic composition 
as normal solar system material, i.e., normal magnesium and 
silicon and oxygen at the i60-rich end of the CA1 mixing line 
on the 3-isotope oxygen diagram. 

It is also worth pointing out that, although the isotopic 
and bulk chemical composition of 1623-5 (and Cl, EKl-4- 
1, CG- 14 and TE) can be explained as the result of volatil- 
ization of a near-chondritic starting composition, such a pro- 
cess does not necessarily explain the isotopic and bulk com- 
positions of most “normal” refractory inclusions. The latter 
are markedly more refractory in their bulk compositions and 
yet show much less isotopic mass fractionation (CLAYTON 
et al., 1988) than the three forsterite-rich FUN inclusions. 

D. D. CLAYTON (198 1) has suggested that the isotopic mass 
fractionation of oxygen, magnesium, and silicon in FUN in- 
clusions arose through sputtering of tiny grains in the inter- 
stellar medium, but R. N. CLAYTON et al. (1984) present 
several convincing arguments that sputtering does not play 
a significant role in isotopic mass fractionation. 

The mantle of 1623-5 gives a mixed signal with respect to 
isotopic mass fractionation during evaporation: melilite is 
not fractionated, but spine1 and hibonite are. If the mantle 
around 1623-5 formed by later remelting and evaporation 
of the outer surface of the original inclusion, one might expect 
to see enrichment in the heavy isotopes of magnesium and 
silicon relative to the core. The measurements made on mag- 
nesium isotopes are more extensive than those on silicon 
isotopes and provide the major test of this expectation. As 
can be seen from Table 6, melilite in both the interior and 
the mantle has a uniform magnesium fractionation of 32%0/ 
amu. The change in chemical composition of melilite implies 
a mass loss of at least 72% of the original magnesium. Using 
the DAVIS et al. (1990a) gas/solid partition coefficients, a 
magnesium fractionation of at least 20%0/amu relative to in- 
terior phases would be expected in mantle melilite. It is clear 
that the mass fractionation effects observed are much smaller. 
A similar case exists for the melilite-perovskite intergrowth 
that mantles the fassaite-bearing portions of the interior. Here, 
the magnesium isotopic composition is indistinguishable from 
that of the interior. Magnesium in the melilite-rich porous 
mantle overlying the melilite-perovskite area is isotopically 
lighter by 6L/amu than the interior. Spine1 found in mantle 
areas overlying both melilite- and fassaite-rich portions of 
the interior is significantly heavier (by 7%o/amu) than that 
in the interior. Two analyses show that hibonite at the extreme 
outer edge of the mantle has the largest magnesium fraction- 

ation measured in this inclusion, 45%o/amu, 13%0 higher than 
the bulk interior. Using the DAVIS et al. (1990a) gas/solid 
partition coefficients, mass losses of 40 and 6 1% are calculated 
from the magnesium mass fractionation between the interior 
and spine1 and hibonite, respectively. 

Therefore, although the direction of isotopic mass frac- 
tionation in mantle spine1 and hibonite relative to phases in 
the core is consistent with a volatilization origin for the man- 
tle, the major phase in the mantle, melilite, does not show 
any isotopic fractionation relative to the interior. This dis- 
agreement of magnesium fractionation with degree of mass 
loss is not unique to 1623-5. Previous studies of several Type 
A inclusions from Allende, Vigarano, and Efremovka (DAVIS 
et al., 1986; LAUGHLIN et al., 1986; FAHEY et al., 1987) have 
shown that phases in the Wark-Lovering rims are isotopically 
nearly normal while phases in the interior are mass fraction- 
ated by as much as - 10% in “Mg; as the rims are believed 
to have formed by volatilization (e.g., MACPHERSON et al., 
1988), their present isotopic compositions are interpreted to 
be the result of reequilibration with the surrounding gaseous 
reservoir. This may have occurred in 1623-5. This is sup- 
ported by the observation that the porous rim of 1623-5, 
which should have exchanged most easily, contains the iso- 
topically lightest magnesium. 

We conclude that the isotopic characteristics of the mantle 
relative to the core are suggestive of and qualitatively con- 
sistent with a model in which the mantle is derived from the 
core by volatilization, but there are quantitative inconsisten- 
cies for which we do not as yet have a completely satisfying 
explanation. 

Trace Element Constraints 

The REE patterns of the individual phases in the interior 
of 1623-5 are consistent with the interpretation that the core 
of 1623-5 was once molten; they are similar to patterns seen 
in the same phases in Type B CAIs whose igneous origin has 
been established on experimental grounds (STOLPER, 1982; 
MACPHERSON et al., 1984). Melilite has a LREE-enriched 
pattern with fairly low levels of all REEs except europium, 
typical of melilite from many other CAIs. The low levels of 
REEs are consistent with low-melilite/liquid-partition coef- 
ficients in magnesium-rich melilite (KUEHNER et al., 1989; 
BECKETT et al., 1990). Pyroxene has HREE-enriched patterns 
with negative europium anomalies. The REE pattern of ol- 
ivine is also HREE-enriched, and its shape is similar to that 
calculated from the partition coefficients of MCKAY ( 1986) 
and COLSON et al. (1988). 

There are two estimates of the amount of magnesium loss 
required to form the melilite mantle. To move from the bulk 
composition to the forsterite-melilite cotectic on Fig. 19, 
-90% of the MgO must be lost. The difference in magnesium 
isotopic composition between interior phases and rim spine1 
and hibonite indicates that only 40-60% loss of MgO oc- 
curred. Comparison of mantle trace element patterns with 
those of interior phases does not show the 3.5-fold increase 
in refractory element concentration expected from loss of 
90% of the MgO. The most reasonable interpretation is that 
volatilization did not take place from a melt having the com- 
position of bulk 1623-5, but rather from a partial melt that 
contained solid crystals of at least spine1 and forsterite. 
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The magnesium and silicon isotopes were used to infer 
that the interior of 1623-5 must have lost -80% of its mass 
in a voiatil~tion event ifthe observed mass fmctionations 
are due to volatilization. The smoothness of the REE patterns 
in 1623-5 suggests that REEs were not lost in such an event. 
Even europium, the most volatile REE, is only slightly de- 
pleted relative to neighboring REEs. The bulk composition 
of the starting material for the evaporation must have had 
REE enrichments (relative to Cl chondrites) that started at 
- I for lanthanum and increased smoothly to 2.7 for lute- 
tium. 

CONCLUSIONS 

Study of the Vigarano FUN inclusion 1623-5 reveals a 
complex history. The precursor material from which it formed 
contained nuclear isotopic anomalies; this material was 
melted and crystallized spinel, olivine, fassaite, and melilite. 
The precursor material may have obtained the mass-frac- 
tionated oxygen, magnesium, and silicon signature from 
earlier evaporation events in the solar system or stellar 
environments, or evaporation may have taken place while 
the inclusion was molten. Later flash heating of the forsterite- 
fassaite-rich inclusion produced a surface melt from which 
much of the silicon and magnesium were lost by volatilization 
while the interior was left untouched; the resulting mantle 
contains an aluminum-rich mineral assemblage grossly out 
of equilibrium with the interior assemblage and is isotopically 
mass sonata in favor of the heavy isotopes of magnesium 
relative to the core. 

Volatilization has been proposed previously to explain 
various features of refractory inclusions, including the mel- 
ilite-rich mantles on Type Bl inclusions (e.g., KURAT et al., 
1975) and rims on inclusions (e.g., BOYNTON and WARK, 
1987), but detailed studies using the ion microprobe have 
failed to show the expected heavy isotope enrichment in B 1 
mantles (MACFHERSON et al., 1989) and inclusion rims (e.g., 
DAVIS et al., 1986; FAHEY et al., 1987). 1623-5 is the first 
object in which petrologic and isotopic properties unambig- 
uously indicate the action of volatilization. 

Finally, it seems worth ampli~ng a point made by CLAY- 
TON et al. (1984) now that additional data are available: rel- 
ative to other types of refractory inclusions, an unusually 
large proportion of forsterite-bearing inclusions are isotopi- 
tally unusual. Of the nine well-studied examples (e.g., WARK 
et al., 1987; this study), three (CG-14 and TE from Allende, 
1623-5 from Vigarano) have rn~-fractionate oxygen 
+ magnesium + silicon isotopes, one (1623-5) has nuclear 
isotopic anomalies in heavy elements, and two (Vlc from 
Vigarano, A16S3 from Allende) have bulk oxygen isotopic 
compositions that plot at the extreme r60-rich end of the 
Allende mixing line in contrast to other silicate-rich inclusions 
from CV3 meteorites (CLAYTON et al., 1977, 1984, 1987). 
We know of no reason why this group of inclusions should 
be so blessed with unusual members, but it seems clear that 
studies of additional forsterite-bearing inclusions will probably 
be very rewarding. 
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