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Abstract-Petrographic, compositional, and isotopic characteristics were studied for three calcium-aluminum
rich inclusions (CAis) and four plagioclase-bearing chondrules (three of them Al-rich) from the Axtell (CV3) 
chondrite. All seven objects have analogues in Allende (CV3) and other primitive chondrites, yet Axtell, like 
most other chondrites, contains a distinctive suite of CAis and chondrules. In common with Allende CAis, 
CAis in Axtell exhibit initial 26AJJ27AJ ratios ((26AJf27AI)o) ranging from ~5 x l0-5 to <1.1 x I0-5, and 
plagioclase-bearing chondrules have (26AJf27AJ)0 ratios of ~3 x 10-6 and lower. One type-A CAl has the 
characteristics of a FUN inclusion. The Al-Mg data imply that the plagioclase-bearing chondrules began to 
form >2 Ma after the first CAis. As in other CV3 chondrites, some objects in Axtell show evidence of 
isotopic disturbance. Axtell has experienced only mild thermal metamorphism ( <600 °C), probably not 
enough to disturb the Al-Mg systematics. Its CAis and chondrules have suffered extensive metasomatism, 
probably prior to final accretion. These data indicate that CAis and chondrules in Axtell (and other 
meteorites) had an extended history of several million years before their incorporation into the Axtell parent 
body. These long time periods appear to require a mechanism in the early solar system to prevent CAis and 
chondrules from falling into the Sun via gas drag for several million years before final accretion. 

We also examined the compositional relationships among the four plagioclase-bearing chondrules (two 
with large anorthite laths and two barred-olivine chondrules) and between the chondrules and CAis. Three 
processes were examined: (I) igneous differentiation, (2) assimilation of a CAl by average nebular material, 
and (3) evaporation of volatile elements from average nebular material. We find no evidence that igneous 
differentiation played a role in producing the chondrule compositions, although the barred olivine 
compositions can be related by addition or subtraction of olivine. Methods (2) and (3) could have produced 
the composition of one chondrule, AXCH-1471, but neither process explains the other compositions. Our 
study indicates that plagioclase-bearing objects originated through a variety of processes. 

INTRODUCTION 

We report on an integrated study of the petrology, chemical 
composition, and isotopic systematics (Al-Mg and Ti) of calcium
aluminum-rich inclusions (CAis) and plagioclase-bearing chondrules 
in the Axtell (CV3) chondrite. Axtell has been described by Simon 
et a!. (1995), who consider it to have experienced less secondary 
metamorphism than Allende (CV3) based on a wider distribution of 
fayalite contents of matrix olivines, lower thermoluminescence (TL) 
sensitivity, and lower degree of sulfidization in Axtell. The existing 
Al-Mg database for CV3 meteorites is dominated by Allende (Lee et 
al., 1976, 1977, 1979; cf., review by MacPherson eta!., 1995). 
Other CV3 chondrites for which significant amounts of Al-Mg data 
are available include Leo ville (Stegmann and Begemann, 1981; 
Caillet et al., 1993); Vigarano (Hutcheon et al., 1986; MacPherson 
and Davis, 1993; Loss et al., 1994), and Efremovka (Fahey et al., 
1987a; Goswami et a!., 1994). A few data are available for 
Grosnaja and Kaba (Hutcheon et al., 1986), Ningqiang and Acfer 
082 (MacPherson et al., 1995). We studied Axtell to (1) extend the 
information about the 26AJ-26Mg system to another CV meteorite 
and (2) investigate a suite of CAis and plagioclase-rich chondrules 
from a single meteorite apparently less altered than Allende to 
unravel the relative contributions of formation conditions and 
metamorphism. The only previous isotopic study on Axtell was by 
Caillet and Zinner (1995) of a hercynite-rich inclusion with large 
48Ca and 50Ti excesses, but no evidence of26AJ. 

The broader problem relating to 26AJ in meteorites can be sum
marized as follows: ( 1) many CAis formed with initial 26 AV27 AI 
ratios ((26 AJf27 Al)o) of -5 x 1 Q-5, both in CV3 chondrites and in other 
meteorite classes (review by MacPherson eta!., 1995; Russell eta!., 
1996; Guan et al., 2000); (2) some CAis show (26AJf27 Al)0 « 5 x 1Q-5 
(e.g., Lee et a!., 1979); (3) some plagioclase-bearing and glass-rich 
chondrules in CV3 chondrites and unequilibrated ordinary chondrites 
show evidence of (26 AJJ27 Al)o ,., (0.3-1) x 1 Q-5, but many show no 
evidence of 26 AI (Sheng eta!., 1991; Russell eta!., 1996; Moustefauoi 
et a!., 1999; McKeegan et al., 2000); and (4) a few CAis exhibit 
deficits in 26Mgf24Mg that cannot be readily explained in terms of 
26AJ (Wasserburg and Papanastassiou, 1982; Ireland et a!., 1991; 
Russell et a!., 1998). Interpretation of these observations is critical to 
our understanding of early solar system processes. With regard to 
CAis and chondrules in Axtell, it is necessary to consider 
metamorphism both on the immediate Axtell parent body and during 
the history of the objects prior to accretion of the parent body. 

Preliminary reports of this work were presented by Srinivasan et 
a!. (!996, 1997). 

EXPERIMENTAL TECHNIQUE 

Fourteen thin sections prepared from two pieces of a -200 g 
slice of Axtell were studied by optical and scanning electron 
microscope. Three CAis (two type A and one type B (Grossman, 
1975)) and four plagioclase-bearing chondrules were selected for 
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detailed petrographic, compositional, and isotopic studies. Labels 
(e.g., AXCAI-2771) consist of meteorite initials, "CAl" or "CH" 
(chondrule), piece number, section number, and number of the 
object in the thin section. The seven objects were mapped with 
backscattered electron (BSE) images, minerals were identified, and 
modal abundances were estimated by point counting the BSE maps. 
Major and minor element compositions of minerals were determined 
with the Caltech JEOL 733 electron microprobe. Bulk compositions 
of CAis and chondrules were estimated from mineral compositions 
and modes converted to weight percent. 

Trace element abundances were determined with P ANURGE, a 
modified Cameca ims-3f ion microprobe, following standard 
procedures (Zinner and Crozaz, 1986; Fahey et a!., 1987b). 
Secondary ions were measured at low mass-resolving power with 
80 e Y of energy filtering to suppress the signals of complex molecular 
interferences. Signals for rare earth elements (REE) were deconvolved 
from REE-monoxide signals using linear algebra (Zinner and 
Crozaz, 1986). Ion signals were normalized to theCa signal for all 
minerals, except olivine, where Si was the reference element. 
Calcium and Si contents were determined by electron probe. 
Sensitivity factors were determined from a synthetic Ti-pyroxene 
glass, NBS 610 and 612 glasses, Madagascar hibonite, Alno 
(Sweden) perovskite, and Angra Dos Reis pyroxene. Reported 
uncertainties (2a) are from counting statistics and do not include the 
5-10% uncertainties inherent in the abundance calibrations. 

Magnesium isotopes were measured using standard techniques 
(Huneke et a!., 1983; Fahey et a!., 1987a,b ). Carbon-coated thin 
sections were bombarded with a focused 160- primary ion beam 
energized to 17 keY. Primary beam currents of 0.2-0.7 nA gave 
beam diameters of :55 ,urn. The 24Mg+ count rate was kept below 
2 x I 05 counts/sec to minimize deadtime corrections. A mass 
resolving power of -3000 was used to resolve 25Mg+ from 24MgH+. 
The intrinsic isotopic mass fractionation for the sample minerals 
(FMg) was found by comparing the measured 25Mg!24Mg ratios for 
the samples with the ratios measured in the appropriate terrestrial 
mineral standards (Burma spinel, melilite glass, Madagascar 
hibonite, San Carlos olivine, and natural diopside) and is given by 

FMg = (LV5Mg)sample- (~25Mg)standard (%o/amu) (I) 

where Ll•Mg = ((('Mg!24Mg)measured/(•Mg!24Mg)reference)- I) x 1000. 
The reference value used for 25Mg!24Mg was 0.12663 (Catanzarro et 
a!., 1966). The reference value for 26Mg!24Mg determined from 
analyses of terrestrial standards is 0.13955 (Brigham, 1990). Shifts 
in 26Mg!24Mg (o26Mg) were calculated using a linear mass 
fractionation law and are reported as 

c}26Mg = ~26Mg - (2 X ~25Mg) (%o/amu) (2) 

The 27 Al!24Mg values for each mineral were corrected for differ
ential ionization efficiency using sensitivity factors determined from 
appropriate mineral standards. 

Titanium isotopes were measured in perovskite from one CAl at 
a mass-resolving power of -7500 following procedures of Fahey et 
a!. (1987a,b) and Ireland eta!. (1991). Standards were Madagascar 
hibonite and San Benito perovskite. Interferences from soy and 
50Cr at 50Ti were monitored by measuring 51 Y and 52Cr and ranged 
in perovskite from <<0.1 %o for soy to 0.5-1.5%o for 50Cr. The 
interference from 46Ca on 46Ti (-3.5%o) was monitored by 
measuring 44Ca, and the interference from 88Sr2+ at 44Ca was 
monitored at mass 43.5 (87Sr2+). A correction was made for the tail 

of 48Ca on 48Ti, but for perovskite the correction was :50.3%o. To 
correct for instrumental mass fractionation, a fractionation factor, a, 
was calculated from 46Tif48Ti according to the "exponential" mass 
fractionation law (Russell eta!., 1978): 

(3) 

The calculated "a" was then used to correct the remaining ratios 
according to 

(4) 

Terrestrial isotope ratios were taken from Niederer et a!. (1981). 
Intrinsic mass fractionation, obtained by comparing the measured 
isotope ratios with those measured on the appropriate terrestrial 
standard, is reported as FTi in permit per amu (%o/amu) relative to 
the terrestrial compositions. Isotopic anomalies remaining after 
accounting for mass fractionation are reported in permil relative to 
terrestrial values: 

(5) 

All isotopic data are reported with 2amean uncertainties. 

PETROGRAPHY AND MINERAL CHEMISTRY 

Axtell is an oxidized CY3 chondrite with a general appearance 
similar to the oxidized CY3, Allende. However, Axtell escaped the 
strong sulfidization experienced by Allende and has experienced a 
slightly lower grade of thermal metamorphism (Simonet a!., 1995). 
Although Axtell is a find, the degree of terrestrial weathering is low 
and weathering has not affected the chondrules and CAis. Detailed 
descriptions of three CAis and four chondrules are given below. 
Modal mineral abundances are presented in Table I, and example 
and average mineral compositions are given in Tables 2 and 3. 

Calcium-Aluminum-Rich Inclusions 

One large (2 x 3 mm) compact type-A CAl appears in three thin 
sections. The three pieces are labeled AXCAI-2271, AXCAI-2771, 
and AXCAI-2571 (Fig. la,b,c). Henceforth, the inclusion will be 
referred to as AXCAI-2771 (after the piece with the largest area). 
Inclusion AXCAI-2771 consists primarily of melilite and spinel, 
with minor perovskite and hibonite (Table I). It is irregular in shape 
and its surface is deeply embayed. A particularly deep embayment 
was exposed resulting in an "inclusion" of matrix (Fig. I b). A thin 
(30-50 ,urn) rim sequence similar to rims found on Allende CAis 
(Wark and Lovering, 1977) surrounds the entire inclusion, including 
inside the large embayment (Fig. I b). Secondary mineralization 
occurs inside the rim and along cracks penetrating the interior 
(Fig. 1). 

Melilite in AXCAI-2771 forms lath-shaped crystals up to I mm 
long. Most of the melilite is relatively Mg-rich ( -Ak2o..-36), and the 
crystals are not regularly zoned. Melilite within -50 ,urn of the 
surface of the inclusion is much more gehlenitic (-Ak8-1o) (Table 2). 
Over much of the inclusion, particularly in section 2271, the melilite 
contains high concentrations of 5-20 ,urn spinel crystals (Fig. la,b). 



Calcium-aluminum-rich inclusions and aluminum-rich chondrules from the Axtell (CV3) chondrite 1335 

FIG . I. AXCAI-2771: Panels (a), (b), and (c) show backscattered electron (BSE) images of three sections of this large compact type-A CAl. (c) Section 
AXCAI-2571 consists a lmost entirely of melilite (Mel) with a few inclusions of spinel (Sp) and perovskite (Pv). The other two sections are also dominantly 
melilite, but with higher concentrations of sp ine l. (d) High-magnification BSE image of the rim sequence, which consists of a discontinuous thin outer layer of 
fayalite (Fa) overlying a thin layer of a luminosilicate (AI-Sil) overlying a thin layer of hedenbergite (Hed), a ll of which overly a thicker layer of Fe-rich, 
Ca-poor aluminosilicate (Ca-poor AI-Sil). (e) High-magnification BSE image of the alterat ion that occurs at the margins of the inclusion and along cracks. 
Secondary alum inosi licate appears to have formed from melilite through Ca loss and Fe gain. Spinel in the altered regions is Fe-rich, with higher FeO contents 
at the grain surfaces (l ighter color = higher FeO content). Perovskite often occurs in contact with spinel. (f) Transmitted light image of spinel grains in 
melilite . Many of the spinel grains have rounded shapes and only a few show distinct crystal faces. The surfaces of both rounded and euhedral spinels are 
decorated with tiny crystals of perovskite. 
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TABLE I. Modal abundances of major mineral phases in Axtell CAis and chondrules (vo l%). 

AXCAI-2771 AXCAI-1571 AXCAI-2775 AXCH-1471 AXCH-1371 AXCH-2171 AXCH-2272 

Melilite 
Anorthite 
Pyroxene 
Olivine 
Spinel 
Perovskite 
Hibonite 
Mesostas is 
Metal 
Rim spinel 
Rim silicate 

85.7 ± 3.3* 

13.0 ± 1.3 
1.0 ± 0.4 
0.3 ± 0.2 

66.6 ± 4.6* 

11.3 ± 1.9 
2.1 ± 0.8 
0 .9 ± 0.5 

15 .9 ± 2.2 
3.2 ± 1.0 

45 .0 ± 5.6 
5.0 ± 1.9 

35.0 ± 4.9 

15.0 ± 3.2 

46.4 ± 5.0 56.7 ± 5.7 
35.7 ± 4.4 40.3 ± 4.8 
13 .9 ± 2.7 2.5 ± 1.2 
4.0 ± 1.5 0.6 ± 0.6 

38.8 ± 5.2t 
22.1 ± 3.9t 
39.1 ± 5.2 

5.9 ± 1.2t 

5.5 ± I. It 
79.5 ± 4.4 

7.4 ± 1.3~ 
1.7 ± 0.6 

*Melilite abundance ca lculated assuming that alteration phases were originally melilite . 
t Anorthite and pyroxene make up the mesostasis between the o livine grains. 
~"Mesostas is" in AXCH-2272 refers to finely intergrown plagioclase and pyroxene in roughly equal proportions. 

a ~: 

FI G. 2. Backscattered electron images of AXCAI-1571, a compact type-A 
CAl composed of melilite (Mel) enclosing Mg-AI spinel (Sp), hibonite (Hib), 
and perovskite (Pv). A well-deve loped rim sequence (b) consists of Fe-rich 
sp inel, overlain by a discontinuous layer of aluminosilicate, followed in tum 
by a continuous outer layer of intergrown hedenbergite (Hed) and ferroan 
augite (Aug). Secondary aluminosilicate (AI-Si) occurs within -50 f.J.m of 
the rim and penetrates the interior along cracks. Spinel with in the altered 
reg ions is Fe-rich. 

Spinel is much less abundant in section 2571 (Fig. I c). A few spinel 
grains have euhedral outlines, but most are rounded, which suggests 
that they are partially resorbed (Fig. I f) . Spinel in unaltered regions 
is essentially pure MgAI20 4, with minor Cr, V, and Ti (Table 2). 
Spinel grains are decorated with numerous tiny crystals of 
pervoskite (Fig. I e,f). Perovskite grains in spinel-rich regions range 
up to -20 ,urn. In spine l-poor regions, perovskite grains tend to be 
fewer and larger (up to -100 ,urn), apparently because there were 
few spinel grains to help the perovskite nucleate. Perovskite has 
traces of AI, Si , and V (Table 2). A few 20--40 ,urn hibonite laths 
with moderate Ti02 and MgO (Table 2) are present near the margins 
of the inc lusion. 

The rim surrounding AXCAI-277 1 consists of four distinct 
layers. Outermost is a discontinuous thin layer of fayalitic olivine 
(Fa40-80), which overlies a thin layer of aluminosilicate. Inside of 
these layers is a continuous 5-10 ,urn thick layer of pyroxene 
(ranging from hedenbergite to almost augite) with occasional 
hibonite laths. Inside the pyroxene layer is a 10--40 ,urn thick layer of 
aluminosilicate (AI!Si = 0.5-1.75) containing Na, Cl, K, Ca, and Fe. 
This layer appears to have formed by metasomatism of melilite. 
Inside the rim and along cracks penetrating the interior, melilite has 
been altered to secondary minerals similar to those observed in 
Allende CAis (Fig. I). Heavily altered regions consist of Ca-poor, 
Fe-rich aluminosilicate containing varying amounts of Mg, Na, Cl, 
and K, whereas lightly altered areas consist of a mixture of 2-5 ,um 
laths of melilite surrounded by aluminosilicate with less Ca than 
melilite (Fig. !e). Spinel in the altered regions is Fe-rich (Table 2). 

Inclusion AXCAI-157 I is a -400 ,urn compact type-A CAl 
(Fig. 2). It consists primarily of 40-100 ,urn elongate melilite 
crystals enclosing I 0-30 ,urn spinel grains, 2-5 ,urn perovskites, and 
a few 5-10 ,urn hibonite crystals (Table I). Spinel and perovskite 
are somewhat more abundant near the edges of the inclusion. 
Hibonite occurs in contact with spinel, which may have served as a 
nucleation site for hibonite. Melilite compositions cover the range 
-Aks- 26 (Table 2), but most crystals are -Ak20 and the inclusion 
does not show radial zoning. Spinels have rounded shapes and in 
unaltered areas are almost pure MgAI20 4, but with relatively high 
V20 3 contents. Hibonite in AXCAI-1571 is richer in Ti02 and 
V20 3 and has less FeO than that in AXCAI-2771 (Table 2). The 
inclusion has a well-developed rim sequence consisting of a I 0-30 ,urn 
layer of Fe-rich spine l overlain by a discontinuous layer of porous, 
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TABLE 2. Mineral compositions of Axtell CAis (wt%). 

AXCAI-2771 (Type A) 

Melilite Spinel Perovskite Hibonite 

Int. #I Int. #2 Edge Average Fe-poor Fe-rich* Average Average 

Si02 29.78 26.17 23.48 26.53 O.o7 0.03 0.10 0.16 
Ti02 0.06 0.08 0.14 0.07 0.66 0.22 56.64 4.87 
AlzOJ 23.51 29.36 33.41 28.53 70.08 65.26 0.26 82.10 
Cr203 O.Q3 0.00 0.01 0.01 0.45 0.08 0.02 0.09 
FeO 0.00 0.00 O.o2 0.03 0.07 11.23 0.01 0.15 
MnO 0.00 0.00 0.00 0.01 0.01 0.00 0.04 0.01 
MgO 5.18 2.91 1.25 3.19 27.96 20.32 0.00 3.02 
CaO 40.94 41.34 40.98 40.94 0.12 0.16 41.09 8.16 
NazO 0.08 0.00 0.03 O.o2 0.00 0.00 0.00 0.00 
KzO 0.04 0.02 O.oi O.o2 0.01 0.00 O.o2 0.00 
Y203 0.04 0.03 O.oi 0.01 0.42 0.40 0.12 0.24 
NiO 0.12 0.08 0.02 0.06 0.03 0.01 0.03 0.02 

Total 99.78 99.99 99.36 99.42 99.88 97.71 98.33 98.82 
AK36 AKzo AK9 n=39 n=8 n=l n=2 n=4 

AXCAI-1571 (Type A) 

Melilite Spinel Perovskite Hibonite 

#l #2 Average Interior Rim Average 

Si02 26.95 24.03 25.86 O.Q4 O.o3 0.13 0.23 
Ti02 O.o3 0.00 0.04 0.18 0.20 55.29 6.79 
AlzOJ 28.18 32.70 30.18 69.92 68.38 0.47 80.06 
Cr203 O.o3 0.02 O.oi 0.11 0.15 O.o3 0.02 
FeO O.o7 0.00 0.04 0.13 7.05 0.00 0.05 
MnO 0.01 0.00 0.01 nm nm 0.00 0.02 
MgO 3.30 1.46 2.55 28.31 23.69 0.02 3.70 
CaO 40.50 39.90 40.18 0.11 O.o7 39.83 8.43 
NazO 0.01 0.10 0.05 nm nm 0.00 0.00 
KzO O.oi 0.02 O.o2 nm nm 0.03 0.00 
VzOJ 0.00 0.00 0.01 0.82 0.38 0.48 0.47 
NiO 0.00 0.02 O.o2 nm nm 0.00 0.04 

Total 99.09 98.25 98.97 99.62 99.95 96.28 99.81 
AK23 AK10 n=8 n=4 n= I n=2 

AXCAI-2775 (Type B) 

Melilite Pyroxene (F assaite) Anorthite Spinel 

Edge Interior Average #I #2 Average Average Average 

SiOz 27.33 25.14 26.24 31.63 33.81 33.10 42.95 0.13 
Ti02 0.06 0.03 0.03 13.06 10.55 11.91 O.o2 0.30 
Al20 3 28.36 31.05 29.55 23.89 23.11 22.66 36.44 70.56 
Cr203 0.00 O.o2 O.o2 0.08 O.o7 O.o7 0.04 0.19 
FeO 0.17 O.o3 0.10 O.o2 0.09 0.06 O.o7 0.55 
MnO 0.01 0.00 0.02 O.Q3 0.03 O.oi O.o2 0.01 
MgO 3.27 2.23 3.01 5.65 7.01 6.58 O.o2 27.54 
CaO 40.10 41.19 40.47 25.02 24.96 24.95 20.28 0.33 
NazO 0.17 0.08 0.11 O.o2 0.01 0.01 0.06 0.00 
K20 0.02 O.oi 0.02 0.01 0.02 0.02 0.03 0.01 
Yz03 0.06 0.01 0.02 0.26 0.15 0.18 O.oi 0.13 
NiO 0.27 0.05 0.24 0.00 0.12 0.04 O.o7 0.02 

Total 99.82 99.84 99.81 99.67 99.93 99.59 lOO.oi 99.77 
AK23 AK1s n=6 n=5 n=2 n=3 

*In altered region. nm = not measured. 
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poorly crystallized aluminosilicate with minor Ca, Mg, Fe, and Cr 
fo llowed by an outer layer consi sting of a fine-grained intergrowth 
of hedenbergite and ferroan augite (Fig. 2b) . The two outer layers 
a lso contain minor spinel and pervoskite. Rim spinels are more Fe
rich in the outer layers, with FeO > 50 mol% in the pyroxene zone. 
However, spinel just inside the thick layer of Fe-rich-spinel is Fe
free. About 25% of the melilite in the inclusion, particularly that 
just inside the spinel rim and along cracks penetrating the interior, 
has been replaced by poorly crystallized, porous aluminosi licate 
(F ig. 2b). This material has an AI/Si ratio of -0.5, low but variable 
amounts of Ca, and traces of Fe. Spinel grai ns in the recrystallized 
regions have Fe-rich rims. 

Inclusion AXCAI-2775 is an oval, 1.2 x 1.0 mm, type-82 CA l. 
Primary phases are melilite, fassaite, anorthite, spinel , and 
perovskite (Table I) . Melilite occurs as large, often lath-shaped 
crystals up to 400 ,urn in length . These crystals are polygranular and 
their structure is consistent with metamophic recrystallization. 
Melilite shows some compositional variability (A k 15_23), but no 
regular zoning. Fassaite occurs as equant, anhedral crystals up to 
-100 ,urn and exhibits moderate compositional variabi li ty. The Ti02 
content of fassaite (I 0-13%) is at the upper end of the range 
exhibited by Allende type-8 inclusions. Fassaite in most Allende 
type-8 inclusions has 3-1 I% TiOz, a lthough a few inclusions have 
pyroxene with 16-18% Ti02 (Grossman, 1975; Wark and Lovering, 
1982). Plagioclase is present as small subhedral to anhedral crystals 
up to -50 ,urn and is essentially pure anorthite (Table 2). Since 
anorthite typically crystallizes from Mg-rich melts with a few tenths of 
percent MgO ( cf., Table 3), the very low concentration of Mg in this 
anorthite from AXCA1-2775 may reflect mild metamorphism. Spine l 
grains occur as 2- 10 ,urn crystals, typically with rounded shapes. 
Spinel grains are found in melilite or fassite , but not in anorthite and 
occasional ly form 20-50 ,urn c lusters. Perovskite occurs primarily 
as tiny 1-2 ,urn blebs. The inclusion has an exterior 30-50 ,urn rim 
of augitic to hedenbergitic pyroxene, with the most Fe-rich material 
on the outer surface . Ins ide the pyroxene layer is a layer of porous 
alum inosilicate containing Ca, Na, K, and Fe. Iron-rich spinel 
occurs in the outer portions of this altered layer, but spinel in the 
unaltered melilite just inside this zone is Fe-free . 

Plagioclase-Bearing Chondrules 

Chondrule AXCH-1471 is a large (-2.8 mm), spherical chondrule 
that appears in three adjacent thin sections (AXCH-1471, AXCH-
1372, and AXCH-1671). Thi n section AXCH-147 1, a near equatorial 
slice, gives the object its name. This chondrule is dominated by 
large twinned anorthite laths ranging up to I 00 x 1500 ,urn in size 
(Fig. 3). In AXCH- 1671, a section from near the chondrule surface, 
a cluster of large plagioclase laths radiate from a single point. 
Plagioclase crystals are clean and show no signs of a lteration. 
Pyroxene is the main interstitial phase. Within and between anorthite 
and pyroxene crystals, and unevenly distributed, are 50-400 ,urn 
suhedral to anhedral olivine grains. Numerous 5-10 ,urn spinel grains 
occur most commonly in anorthite and occasionally form round 
palisade structures -125 ,urn in diameter (Fig. 3b). Around much of 
the outer portion of the chondrule, smaller pyroxene laths with 
interstitia l anorthite dominate (Fig. 3b). The outer region is 
essentially free of olivine and spine l. 

Anorthite (An95-97) has relatively high concentrations of Fe and 
Mg (Table 3), which is consistent with a low degree of metamorphism. 
Pyroxene is a luminous diopside with 2.0-2.5% Ti02. Pyroxene in 
the finer-grained, spinel-poor region tends to have lower AI20 3 and 
higher MgO contents than the large interior crystals. Olivine (Fo98) 

has a relatively high CaO content. Most spinels have approximately 
1-2% FeO and Cr20 3 and are unzoned except for thin Fe-rich rims. 
These FeO and Cr20 3 contents are higher than those in CAl spinels 
(cf., Table 2 and 3). Many spinels are rounded and appear somewhat 
resorbed. A few spinels have FeO "' 5-7% and irregular, rounded 

FIG. 3. Backscattered electron images of AXCH-1471. (a) This chondrule 
consists of large anorthite laths (An) and interst itial pyroxene (Px) enclosing 
subhedral olivine crysta ls (01) and spinel grains (Sp). (b) View of the 
chondrule margin showing radiating pyroxene laths with interstitial anorthite. 
Secondary aluminos ilicate (Al-Si ) replaces anorthite near the chondrule 
surface. (c) Two types of spinel are observed. Most spinel is euhedral to 
subhedral and Mg-rich (Sp) and occasionally forms palisade bodies (Pal). 
Some spinel is Fe-rich (Fe-Sp) and consists of rounded crystals (partially 
resorbed?) whose rims have very high Fe contents. 
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TABLE 3. Mineral compositions of Axtell chondrules (wt%). 

AXCH-1471 

Pyroxene Anorthite Olivine 

Edge Interior An95-97 Fo9s 

Si02 49.04 46.80 43.51 41.94 
Ti02 2.17 2.51 0.04 O.Q7 
Al203 7.73 9.85 35.18 0.20 
Cr203 0.63 0.45 0.01 0.16 
FeO 0.29 0.20 0.22 1.80 
MnO 0.04 0.03 0.01 0.07 
MgO 15.86 14.30 0.38 54.41 
CaO 23.15 24.38 19.34 0.69 
Na20 0.02 0.01 0.41 0.01 
K20 0.02 0.02 0.02 0.02 
V203 0.13 0.14 0.01 0.02 
NiO 0.01 0.01 0.01 0.04 

Total 99.09 98.70 99.14 99.43 
n=3 n=4 n=7 n=3 

AXCH-1371 

Pyroxene Anorthite 

Edge Interior An97-98 

Si02 48.04 47.82 42.99 
Ti02 0.69 2.03 0.03 
Al20 3 10.66 9.99 35.69 
Cr203 0.35 0.35 0.01 
FeO 0.24 0.17 0.22 
MnO 0.03 0.02 0.01 
MgO 14.18 14.95 0.20 
CaO 23.89 23.84 19.65 
NazO 0.00 0.01 0.28 
K20 0.01 0.02 0.03 
V203 0.02 0.11 0.01 
NiO 0.04 0.02 0.03 

Total 98.15 99.33 99.15 
n=l n=6 n=7 

AXCH-2171 

Olivine Plagioclase Pyroxene 
Fo99 An90-96 

Si02 41.71 43.69 56.86 
Ti02 0.16 0.04 0.91 
AI203 0.32 34.43 2.34 
Cr203 0.37 0.02 0.80 
FeO 1.24 0.17 0.76 
MnO 0.11 0.02 0.22 
MgO 54.56 0.44 33.16 
CaO 0.37 19.20 5.54 
NazO 0.03 0.68 0.02 
K20 0.03 0.02 0.01 
V203 O.Q7 0.01 0.02 
NiO 0.07 0.04 0.04 

Total 99.04 98.76 100.68 
n=3 n=7 n=6 

Normal 

Spinel 

Resorbed Spinel 

0.23 
0.32 

69.42 
1.03 
1.82 
0.02 

27.38 
0.16 
0.00 
0.01 
0.37 
0.01 

100.77 
n=4 

Core 

0.09 
0.31 

68.41 
0.79 
5.64 
0.00 

24.64 
0.13 
0.00 
0.01 
0.43 
0.03 

100.48 

Olivine Spinel 

Fo9s-10o 

42.05 0.43 
0.09 0.33 
0.16 67.66 
0.19 0.91 
1.16 5.62 
0.06 0.05 

55.17 24.14 
0.78 0.28 
0.00 0.00 
0.02 0.00 
0.06 0.13 
0.02 0.00 

99.76 99.55 
n=3 

AXCH-2272 

Rim 

0.17 
0.31 

67.25 
1.36 
6.80 
0.00 

23.78 
0.20 
0.00 
0.02 
0.41 
0.04 

100.34 

Olivine Plagioclase Pyroxene 
Fo9s Anss 

40.56 44.79 58.92 
0.08 0.05 0.63 
0.22 32.79 2.08 
0.27 0.01 0.54 
2.15 0.50 0.41 
0.05 0.01 0.03 

55.05 0.65 33.07 
0.19 17.59 5.53 
0.03 1.69 0.05 
0.02 0.02 0.06 
0.01 0.00 0.00 
0.05 0.00 0.01 

98.68 98.11 101.33 
n=6 n=3 n=4 

1339 
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AXCH-1371 ~: ; · 
I . • '-;:\ • 

FIG. 4. Backscatlered electron (a) and reflected light (b) images of AXCH-
137 1. Two distinct regions are visible. In the coarse-grained region, large 
anorthite laths (An) and interstitial pyroxene (Px) enclose smaller crystals of 
olivine (01). In the fine-grained region (bottom and right margins in (a)), 
laths of pyroxene, which appear to have nucleated on the surface of the 
chondrule, extend inward with interstitial anorthite . Near the edge of the 
chondrule, anorthite has been partially replaced by aluminosi li cate {AI-Si), 
some of which was plucked during sectioning. 

shapes (Fig. 3c). The FeO contents of these spinels increases toward 
their rims and they may be partia lly resorbed relic grains. In a zone 
- 100 ,um wide around the edge of the chondrule, anorthite has been 
partially replaced by porous aluminosilicate. A few small heden
bergite crystals occur along cracks. Olivine crystals are slightly 
more Fe-rich at their surfaces and along cracks, indicating secondary 
introduction of Fe. There is no convincing evidence of a rim. 

Chondrule AXCH-1371 is a -1.3 mm chondrule with a 
protrusion on one end (Fig. 4) composed of plagioclase, aluminous 
diopside, and olivine (Table 1). Tiny spinel grains (1-S ,urn) are 
found primarily within the anorthite crystals (Fig. 4b), and troilite 
blebs (S- 20 ,urn) occur in widely spaced clusters. Chondrule 
AXCH-1371 exhibits two discrete textural regions (Fig. 4). In the 
main portion, anorthite occurs as subhedral to euhedral laths ranging 
in size from approximately 20 x I 00 ,um to approximately SO x 700 ,urn 
with pyroxene as the main interstitial phase. Anorthite and pyroxene 
occasionally enclose subhedral 20-100 ,um olivine crystals. Around 
two-thirds of the perimeter, there is a I 00-300 ,um layer of pyroxene 
laths with smaller, intersti tia l plagioclase laths. Olivine is absent in 

FIG. 5. Backscattered electron images of the barred-olivine chondrule, 
AXCH-2171. (a) Multiple sets of olivine bars enclose a mesostasis of 
anorthite and pyroxene. In heavily altered regions (top right and on the left 
and right sides), olivine laths have been broken into equant fragments with 
FeO-rich edges, and mesostasis has been leached, leaving a porous material 
composed ofSi, AI, Mg, Ca, Fe, and Ni. (b) High-magnification view of the 
mesostasis, which consists of anorthite, a Ca-rich pyroxene with 
compositions approaching diopside (Di), and a low-Ca, high Mg pyroxene 
(Px). The intimate relationship of the two pyroxenes suggests exsolution 
from an original pigeonite. Two ion probe spots are visible in the anorthite 
(top right, center left). 

this region. Over the remaining one-third of the perimeter, the large 
anorthite and pyroxene crystals of the main portion are truncated by 
the chondrule surface. Plagioclase (An97_98) has relatively high 
FeO and MgO contents. Aluminous diops ide has a higher Ti02 
content in the coarse-grained interior than in the finer-grained outer 
region. Olivine (Fo98_ 10o) has a high CaO content. Most spinel 
grains are too small to give reliable compositions, but one larger 
spinel is relative ly Fe-rich. In the outer finer-grained region, some 
of the plagioclase has been replaced by a mixture of fayalitic olivine 
and a porous aluminosilicate like that in CAis. In some places, the 
chondrule is coated by a S-8 ,urn rim of fayalitic olivine (-Fa40). 

This olivine has essentially the same composition as the matrix and 
as the secondary olivine within the chondrule. Chondrule AXCH-1371 
has the texture and mineralogy of a microgabbro. It may be either 
an abraded melt-drop chondrule or a partially melted lithic fragment 
that was abraded . 

Chondrule AXCH-2171 is a barred olivine chondrule -1.8 mm 
in diameter (Fig. Sa). Oli vine occurs as sets of bars up to 700 ,urn 
long and in a 30 ,um layer at the chondrule surface. Interstitial 
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material consists of plagioclase and pyroxene crystals several tens of 
micrometers in length (Fig. Sb). Olivine was originally very 
forsteritic (-Fo99), and the plagioclase between the olivine bars was 
originally -An96 (Table 3). Two pyroxenes occur in the interstitial 
material. One is apparently diopside, but the grains are too small to 
get a good composition. The other is a low-Ca, high-Mg pyroxene. 

, These pyroxenes apparently formed via exsolution of an original 
pigeonite. About 25% of the chondrule has been extensively altered 
(Fig. Sa). Olivine bars have been fractured perpendicular to their 
length into equant fragments. These fragments range from -Fo96 at 
their centers to Fo20-40 on the edges. Interstitial anorthite and 
pyroxene have been replaced with a porous material made up of 
oxides of Si, AI, Mg, Ca, Fe, and Ni in varying proportions. In these 
regions, surviving anorthite is more sodic (-An90). Small patches of 
aluminosilicate similar to that observed in Axtell CAls are also 
present between the olivine bars. Highly altered regions contain 
small grains of hedenbergite. The original surface of the chondrule 
has been partially abraded and is currently coated with a layer of 
fine-grained laths of fayalitic olivine (-Fo20-40), similar to matrix 
olivines. Olivines in the surface layer are more Fe-rich at their rims. 

Chondrule AXCH-2272 is a barred olivine chondrule (Fig. 6a). 
A I 00-150 ,urn layer of olivine appears to define the original 
dimensions of the chondrule ( -1 mm in diameter). The interior 
consists of three distinct sets of olivine bars that intersect at -60° 
angles (Fig. 6a). The interstitial material consists of a mixture of 
plagioclase and pyroxene. Again, some areas have experienced 
secondary alteration. Most of the olivine is -Fo98 but is more 
Fe-rich at the edges of the olivine grains and along cracks. Tiny 
spherical inclusions of magnetite (probably originally Fe-Ni metal 
or troilite) are enclosed in the olivines. Interstitial plagioclase 
( -An85) is more sodic than in AXCH-2171. Two pyroxenes are 
present, one diopsidic and the other a MgO-rich, CaO-poor 
pyroxene (Fig. 6b). We only obtained analyses of CaO-poor 
pyroxene (Table 3). Limited areas of the interstitial material have 
been leached and partially replaced by secondary minerals. Outside 
the thick olivine layer is another layer of forsterite, which is FeO
rich at the edges and along cracks. Patches of porous aluminosilicate, 
fayalite, and minor augite and hedenbergite are regularly dispersed 
throughout this outer layer. 

BULK COMPOSITIONS OF CALCIUM-ALUMINUM-RICH 
INCLUSIONS AND PLAGIOCLASE-BEARING 

CHONDRULES 

Bulk Major and Minor Element Compositions 

Calcium-Aluminum-rich Inclusions-Bulk compositions were 
determined from modal abundances (Table I) and average mineral 
compositions (Table 2). Alteration products were not included in 
the calculation and their volumes were assigned to the inferred 
original minerals. The calculated compositions are compared to 
compositions of CAls from other CV3 meteorites in Table 4. 
Inclusion AXCAI-2771 and the interior portion of AXCAI-1571 
have bulk compositions very similar to compact type-A inclusions 
from Allende (Table 4). Both Axtell and Allende inclusions differ 
somewhat from the Leoville compact type-A inclusion, LE0-3536-2, 
and from the Allende fluffy type-A inclusion, CG-11. The type-B2 
inclusion, AXCAI-2775, is similar to type-B inclusions from 
Allende, Leoville, and Vigarano, except that AXCAI-2775 has a 
significantly higher Ti02 content and its AI20 3 content falls at the 
upper end of the range exhibited by Allende inclusions (Table 4; 
Mason and Martin, I 977; Mason and Taylor, I 982). Allende 

~ I ~ · a ?t : -

FIG. 6. Backscattered electron images of the barred-olivine chondrule, 
AXCH-2272. (a) Olivine forms a I 00-150 11m layer around the outside of 
the chondrule and three discrete sets of bars. The chondrule has areas of 
alteration where mesostasis has been leached and replaced with FeO-rich 
material (top center and at the bottom just left of center). A poorly defined 
layer of forsterite with FeO-rich rims, fayalite, aluminosilicate, and minor 
augite and hedenbergite occurs outside of the thick forsterite layer. (b) High
magnification view of the mesostasis. Between the olivine bars (01) is an 
assemblage of anorthite (An) and two pyroxenes, one Ca-rich (Di) and one 
Ca-poor and Mg-rich (Px). These pyroxenes are intimately intergrown and 
appear to have exsolved from an original pigeonite (e.g. , outlined areas). 

inclusions often have higher FeO and Na20 contents than Axtell 
CA!s (Table 4). This difference may in part reflect the fact that 
alteration products were not included by us when determining the 
bulk compositions of Axtell inclusions. Much of the literature data 
consists of measurements of macroscopic samples of CAls, and 
Allende inclusions which often contain nepheline, sodalite, grossular, 
sulfides, and other secondary phases (e.g., Hutcheon eta/., 1978; 
MacPherson et a/., 1988). However, Axtell has significantly lower 
Na20 and S contents than Allende (Table 5), so it may be that Axtell 
inclusions are less altered than those in Allende. 

Plagioclase-Bearing Chondrules-Bulk compositions of Axtell 
plagioclase-bearing chondrules, calculated using data in Tables I 
and 3, are given in Table 6 together with compositions for 
chondrules from other meteorites. Three of the Axtell chondrules 
areAl-rich (AI20 3 > I 0%), whereas AXCH-2272 has a composition 
similar to type-IA ferromagnesian chondrules (Table 6). Although 
Al-rich chondrules have a wide range in compositions, they have 
several features in common. They have much higher Ti02> Al20 3, 
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TABLE 4. Bulk compositions of Axtell CAis and similar inclusions from other meteorites. 

Melilite-rich 

AXCAI- AXCAI-1571 Allende LEO 
2771 3536-2# 

with Rim w/oRim TS-2* TS-12* TS-32* 3898t 3529-45t CG-1!§ 
Type CTA CTA CTA CTA CTA FTA CTA 

Si02 22.1 17.6 20.5 26.1 22.1 28.0 24.9 26.3 25.1 31.2 
Ti02 0.90 1.65 2.07 0.72 0.59 0.96 1.4 1.4 1.0 1.6 
Al203 34.6 41.0 36.2 29.0 35.8 25.8 32.6 34.3 37.6 23.1 
Cr203 0.08 0.05 0.03 nm nm nm nm nm 0.02 0.01 
FeO 0.04 2.15 0.05 nd nd nd 0.88 1.8 1.7 0.54 
MnO 0.01 0.01 0.01 nm nm nm nm nm 0.01 0.02 
MgO 6.9 9.8 6.6 10.3 6.0 5.7 6.9 4.1 4.3 5.4 
CaO 34.7 26.7 33.3 33.9 35.5 39.5 33.3 32.0 29.4 37.9 
Na20 0.02 0.04 0.04 nm nm nm 0.18 0.07 0.8 0.11 
K20 0.02 0.01 0.02 nm nm nm <0.01 nm nm nm 
Y203 0.07 0.20 0.16 nm nm nm nm nm 0.09 0.06 
NiO 0.05 0.01 0.02 nm nm nm nm nm 0.03 0.04 

Totals 99.49 99.22 99.00 100.02 99.99 99.96 100.16 99.97 100.05 99.98 

TypeB 

AXCAI-
2775 

Type 82 

Si02 25.1 
Ti02 4.4 
Al203 34.2 
Cr203 O.D7 
FeO 0.16 
MnO 0.02 
MgO 8.3 
CaO 27.2 
Na20 0.05 
K20 0.02 
V203 0.09 
NiO 0.12 

Totals 99.73 

*Beckett (I 986). 
tMason and Martin (I 977). 
tMason and Taylor (I 982). 
§Davis et al. (I 978). 

TS-23* TS-33* 
81 81 

28.9 27.1 
1.3 2.8 

28.4 32.9 
nm nm 
0.03 0.01 
nm nm 
8.6 7.7 

32.9 29.8 
nm nm 
nm nm 
nm nm 
nm nm 

100.13 100.31 

#Mao et al. (I 990), Si02 by difference. 
SSylvester eta/. (I 992), Si02 by difference. 

Allende 

3529-45t 3682t 

26.3 29.6 
1.4 1.4 

34.3 27.7 
nm nm 
1.8 4.1 
nm nm 
4.1 10.7 

32.0 26.3 
0.07 0.22 
nm nm 
nm nm 
nm nm 

99.97 IOO.D2 

LEO Vigarano 

3529-G§ 3529-Zt 
3537-1# 

1623-8$ 477-bS 
81 82 82 Bl 

29.8 30.9 25.7 24.0 19.4 
0.99 1.2 1.5 1.9 2.6 

31.6 28.9 34.9 33.1 37.3 
nm nm 0.06 0.06 0.08 
0.37 0.30 0.45 0.57 0.53 
nm nm <0.001 0.002 0.001 

10.8 9.3 13.7 12.4 16.8 
26.8 29.4 23.4 27.5 22.9 

0.11 0.18 0.05 0.08 0.06 
<0.01 nm nm 0.005 0.007 
nm nm 0.20 0.11 0.18 
nm nm 0.09 0.26 0.13 

100.47 100.18 100.05 99.99 99.99 

Abbreviations: CT A =compact type-A, FT A =fluffY type-A, LEO = Leoville, nm =not measured, nd = not detected. 

and CaO contents and lower MgO contents than ferromagnesian 
chondrules (Table 6). The high Na20 contents of Allende 
plagioclase-olivine inclusions (POls) probably reflect secondary 
metasomatism (cf., Sheng et al., 1991). We excluded secondary 
phases when estimating the compositions of Axtell chondrules. 
Aluminum-rich chondrules have CaO and Al20 3 contents 
intermediate between those of CAis (Table 4) and ferromagnesian 
chondrules (Table 6; Jones and Scott, 1989). However, the 
relationships between these three classes of objects are not clear 
(Russell et al., 1996; MacPherson and Huss, 2000). We return to 
this issue later in Origin of Aluminum-Rich Chondrules. 

Trace Element Abundances 

Calcium-Aluminum-Rich Inclusions-Figure 7 shows trace 
element and REE abundances for three Axtell CAis and their 
constituent minerals normalized to abundances in CI chondrites. 
Perovskite is the major host phase for REEs in type-A inclusions. In 

AXCAI-2771, perovskite has a nearly flat light (L)REE pattern and 
increasingly depleted heavy (H)REEs. Superimposed on this general 
pattern are a large negative Eu anomaly and positive anomalies in 
Tm and Yb (Fig. 7a). Melilite has a similar pattern but with a small 
positive Eu anomaly. The bulk inclusion has a muted Group II 
pattern (Mason and Martin, 1977). In AXCAI-1571, perovskite, 
melilite, and hibonite have patterns similar to those in AXCAI-2771, 
except that perovskite and hibonite have no Eu anomaly and melilite 
has a large positive Eu anomaly (Fig. 7b ). The bulk pattern for 
AXCAI-1571 also resembles a muted Group II pattern except for the 
positive Eu anomaly. In the type-A inclusions, the perovskite
melilite partition coefficient for REEs is -200, and the hibonite
melilite partition coefficient is -10. 

In the type-B CAl, AXCAI-2775, fassaite is the main REE 
carrier. The fassaite has a LREE depleted pattern with La enriched 
-15x and Lu enriched -250x relative to CI and a large negative Eu 
anomaly (Fig. 7c). Melilite has a nearly flat pattern at -10 x CI with 
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a positive Eu anomaly. The bulk REE patterns for AXCAI-2775 is 
relatively smooth, but fractionated, with La at -10 x CI and Lu at 
-100 x CI. In contrast to the melilite-rich CAis, Tm and Yb in 
AXCAI-2775 are depleted relative to the adjacent elements (Fig. 7c). 

Plagioclase-Bearing Chondrules-Figure S shows trace element 
and REE abundances for these chondrules. In AXCH-1471, pyroxene 
has a slightly fractionated REE pattern with HREEs enriched 2-3x 

TABLE 5. Bulk composition of Axtell compared 
to that of Allende. 

Axtell* Allendet 

Si02 34.30 34.23 
Ti02 0.18 0.15 
AI203 3.18 3.27 
Cr203 0.49 0.52 
Fez03 8.03 
FeO 22.45 27.15 
MnO 0.14 0.18 
MgO 23.48 24.62 
CaO 2.04 2.61 
Na20 0.06 0.45 
KzO 0.02 0.03 
P20s 0.19 0.23 
H2o+ 0.85 <0.1 
H20- 2.51 0.00 
Fe(m) nm 0.17 
Ni 0.42 0.36 
Co 0.03 0.01 
c 0.34 0.29 
s <0.1 
FeS 4.03 
Total 98.84 98.30 

Total Fe 23.07 23.85 

*E. Jarosewich, unpublished analysis. 
tctarke eta/. ( 1970). 
nm = not measured. 

relative to LREEs and a negative Eu anomaly (Fig. Sa). The REE 
abundances in pyroxene differ considerably across the chondrule. In 
the spinel-rich central region, HREEs are enriched 50-70x relative 
to CI; in the coarse-grained, spinel-free region, HREEs are enriched 
to 30-50 x CI; and in the finer-grained outer portion, HREEs are 
only enriched to 10-20 x Cl. In contrast, Sc is most abundant in the 
outer portion (20-50 x CI) and decreases inward to -4 x CI in the 
spinel-rich core (Fig. Sa). Plagioclase is relatively enriched in 
LREEs and has a large positive Eu anomaly. The bulk chondrule 
thus has a smooth pattern with La enriched -6x and Lu enriched 
-12x relative to Cl. The REE and trace element variations within 
the chondrule are consistent with the following crystallization 
sequence. Pyroxene grains nucleated at the surface of the chondrule 
and grew rapidly inward, acquiring REEs at abundances similar to 
those of the bulk chondrule. This assumes that the pyroxene to 
liquid distribution coefficients for this composition are close to 
unity. Pyroxenes near the chondrule surface have high Sc contents 
(Fig. Sa), and Sc has a high pyroxene to liquid partition coefficient 
(e.g., Davis et al., 1990). As large amounts of plagioclase and 
olivine with low REEs began to crystallize, the REE abundance in 
the liquid increased, as reflected in the higher REE abundances of 
the interior pyroxene. Interior pyroxenes have low Sc contents, 
reflecting earlier Sc extraction by pyroxene. 

In AXCH-1371, pyroxene has a relatively flat pattern with 
negative La and Eu anomalies and positive Tm and Yb anomalies 
(Fig. Sb). Pyroxene in the coarser-grained core has REE abundances 
10-15 x CI, whereas pyroxene in the finer-grained exterior region is 
enriched to only 3-5 x Cl. Plagioclase has low REE abundances, a 
fractionated pattern favoring LREEs, and a large positive Eu 
anomaly. Plagioclase may also be enriched in Yb relative to 
surrounding elements, mirroring the pyroxene. The bulk REE 
pattern is 3-4x enriched relative to CI, with a negative La anomaly, 
a positive Eu anomaly, slight depletions in Dy-Lu, and positive Tm 
and Yb anomalies. The pattern is similar to the muted Group II 
pattern in AXCAI-1571. The REE abundances in the minerals 
indicate a crystallization sequence similar to that inferred for 
AXCH-1471. However, Sc abundances increase from rim to core, 

TABLE 6. Bulk compositions of Axtell chondru1es and At-rich objects from other meteorites. 

Axtell Allende POls* 

AXCH- AXCH- AXCH- AXCH- 5ALLB6 3510 
1471 1371 2171 2272 

Si02 42.9 44.8 45.8 40.7 38.1 41.6 
Ti02 0.95 0.84 0.27 0.11 0.9 0.4 
Al20 3 21.4 23.6 12.9 3.08 31.6 29.6 
Crz03 0.30 0.17 0.36 0.26 0.6 0.3 
FeO 0.55 0.26 1.16 2.23 0.6 1.5 
MnO 0.04 0.02 0.15 0.04 nm nm 
MgO 15.1 8.33 30.3 46.2 13.7 11.5 
CaO 17.5 20.9 8.2 2.11 12.6 12.4 
NazO 0.18 0.15 0.26 0.17 1.4 2.0 
KzO 0.02 0.02 0.02 0.02 nm <0.1 
V203 0.07 0.05 0.03 0.01 nm nm 
NiO 0.02 0.03 0.05 0.03 nm nm 
Fe 3.84 
Ni 0.29 

Totals 99.03 99.17 99.50 99.09 99.5 99.3 

*Sheng eta/. (1991). 
tRussell et al. ( 1996), Huss, unpubl. data. 
tRange for At-rich chondrules described by Bischoff and Keil (1984 ). 
§Mean composition of type-lA chondrules in Semarkona (Jones and Scott, 1989). 
nm = not measured. 

Chain pur Al-rich Semarkona 
B14D 5674-2- Jt chondruld Type IA§ 

42.9 44.7 39.5-57.0 44.80 
0.7 1.17 0.18-2.32 0.19 

25.7 22.6 10.3-28.2 3.90 
0.2 0.22 0.07-1.39 0.44 
1.6 0.90 0.43-14.5 1.18 
nm 0.02 0.02-0.39 0.12 

13.4 12.4 3.8-33.8 40.70 
10.1 17.6 4.3-19.6 3.50 
3.6 0.29 0.04-4.7 0.52 
0.1 O.oi 0.02-0.36 0.07 
nm 0.01 nm nm 
nm 0.01 nm 

98.3 99.93 99.38 
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which suggests that anorthite, which does not take up Sc, played a 
larger role early in the crystallization sequence. 

In AXCH-2171, REEs are sited primarily in the interstitial 
pyroxene (Fig. Sa). Pyroxene has a nearly flat pattern, -60x 
enriched relative to CI, with a slight relative depletion of HREEs 
and a negative Eu anomaly (Fig. 8c). Plagioclase has roughly CI 
abundances ofREEs, with a large positive Eu anomaly. Olivine has 
very low REE abundances and is particularly depleted in LREEs. 
The bulk pattern is 5-Sx enriched with perhaps a slight relative 
depletion ofHREEs. 

In AXCH-2272, REEs are sited mainly in the interstitial 
pyroxene and plagioclase, but partitioning between phases is not as 
pronounced as in AXCH-2171 (Fig. 8c,d). Pyroxene exhibits a 
slight relative depletion in HREEs and a negative Eu anomaly. 
Plagioclase has a typical LREE-enriched patterns with a large 
positive Eu anomaly, but the REE abundance is remarkably high, 
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FIG. 7. Trace element and REE abundances for the Axtell CAis normalized 
to CI abundances. Trace elements are arranged from most volatile on the left 
to most refractory on the right. Scandium and Zr are more refractory than 
the REEs. Mineral patterns are shown by open symbols and bulk patterns by 
filled symbols. Inclusions AXCAI-2771 (a) and AXCAI-1571 (b), both 
type-A inclusions, are enriched I 0-20x in LREEs relative to CI abundances 
and show muted Group II bulk patterns with increasing relative depletions of 
Gd through Lu and positive Tm and Yb anomalies. The type-8 inclusion, 
AXCAI-2775 (c), is enriched -!Ox in LREEs relative to CI and has a 
relatively smooth sloping patterns with relative enrichment of HREEs and 
negative anomalies in Tm and Yb. All uncertainties are 2a and those for 
bulk compositions include uncertainties in modal abundances. 

with La "' 10 x CI, equal to the abundance in pyroxene. Olivine, 
which makes up -80% of this chondrule (Table 1), has very low 
REE abundances. The bulk REE pattern is slightly fractionated 
favoring LREEs, and the REE abundances are roughly chondritic 
(Fig. Sd). 
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the three At-rich chondrules are significantly enriched relative to CI 
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Chondrule AXCH-1371 (b) has a bulk REE pattern similar to the muted 
Group II pattern of AXCAI -1571, except for a positive Eu anomaly and a La 
depletion. In the barred-olivine chondrules, REEs are concentrated in the 
mesostasis, primarily in pyroxene. All uncertainties are 2a and those for 
bulk compositions include uncertainties in modal abundances. 
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TABLE 7. Magnesium-aluminum data for Axtell CAis and Al-rich chondrules. 

Phase FMg b26Mg 27Alf24Mg Phase FMg b26Mg 27Alf24Mg 

AXCAI-2771 AXCH-1471 
Melilite l 14.7±2.1 3.0 ± 3.8 20.4 ± 1.0 Olivine l -0.1 ± 1.0 0.9±2.1 0.0078 ± 0.0006 
Melilite 2 10.0 ± 1.6 1.0 ± 2.5 12.2 ±0.6 Olivine 2 1.8 ± 0.8 1.1 ± 1.6 0.0013 ± 0.0001 
Melilite 3 12.9 ± 2.5 3.2 ± 4.9 30.2 ± 1.5 Olivine 3 1.4 ± 0.7 2.0 ± 1.4 0.0013 ± 0.0004 
Melilite 4 17.2±2.3 0.9 ±4.5 30.9 ± 1.6 Spinel! 2.8 ± 1.3 1.7 ± 2.2 2.4 ± 0.1 
Melilite 5 18.2 ± 1.9 --0.5 ± 3.3 24.0 ± 1.2 Spinel2 2.7 ± 1.3 1.2 ± 2.0 2.6 ± 0.1 
Melilite 6 15.4±1.6 --0.0 ± 2.5 12.0 ± 0.6 Spinel3 4.9 ± 1.2 0.7 ± 1.9 2.6±0.1 
Melilite 7 13.4± 1.5 0.4 ± 2.1 8.4 ± 0.4 Spinel4 4.4 ± 1.2 0.5 ± 1.9 2.6 ± 0.1 
Melilite 8 12.9 ± 1.5 -1.2 ± 2.1 8.0 ± 0.4 Fe-rich Spinel I 4.3 ± 1.2 1.1 ± 1.9 2.8±0.1 
Melilite 9 14.0 ± 1.5 0.3 ± 2.1 7.8 ± 0.4 Fe-rich Spinel 2 5.4 ± 1.2 -1.1 ± 2.0 2.7 ± 0.1 
Melilite 10 18.9 ± 1.5 1.2 ± 2.7 21.5±1.1 Fe-rich Spinel 3 4.6 ± 1.2 0.5 ± 1.9 2.8±0.1 
Spinel! 14.2 ± 1.5 --0.5 ± 2.6 2.4 ± 0.1 Pyroxene I 3.0 ±0.9 1.0 ± 1.9 0.24 ±0.01 
Spinel2 13.7 ± 1.3 -0.4 ± 2.2 2.4 ± 0.1 Pyroxene 2 3.5 ± 0.9 1.8 ± 1.8 0.39 ±0.02 
Spinel3 17.2 ± 1.4 -0.6 ± 2.3 2.6±0.1 Plagioclase I 0.4 ± 2.4 4.4 ± 3.1 109.5 ± 5.7 
Spinel4 16.3 ± 1.4 -1.2 ± 2.4 2.5 ±0.1 Plagioclase 2 1.8 ± 2.4 5.2 ± 3.4 115.2 ± 5.8 
Hibonite I 15.8 ± 1.5 -1.7 ± 2.7 20.5 ± 1.0 Plagioclase 3 -0.2 ± 2.6 5.7±.4.1 165.2 ± 8.3 
Hibonite 2 19.2 ± 1.5 -1.3 ± 2.8 29.5 ± 1.5 Plagioclase 4 2.3 ± 2.4 1.1 ± 3.6 131.8±6.7 

Plagioclase 5 -2.1 ± 2.7 3.0 ± 4.5 150.4 ± 7.6 
AXCAI-2571 Plagioclase 6 0.9 ± 2.5 5.4 ± 3.9 144.8 ± 7.3 

Melilite I 12.6 ± 1.7 1.5 ± 2.9 13.0±0.6 Plagioclase 7 0.9 ± 2.4 5.7 ± 3.5 122.3 ± 6.2 
Melilite 2 13.2 ± 1.7 0.2 ± 2.6 12.0 ±0.6 Plagioclase 8 1.2 ± 2.4 3.0 ±3.5 118.1 ± 5.9 
Melilite3 14.1 ± 1.6 --0.5 ± 2.4 10.2 ±0.5 
Melilite 4 14.7 ± 1.4 -1.1 ± 1.8 4.7 ± 0.2 AXCH-1371 
Melilite5 15.1 ± 1.5 --0.4 ± 2.3 8.9 ± 0.4 Olivine I -0.6 ±0.9 0.0020 ± 0.0001 
Melilite6 12.9 ± 1.5 1.3 ± 2.2 8.0 ± 0.4 Plagioclase I 0.4 ± 3.4 144.2 ± 7.3 
Melilite 7 14.4± 1.2 --0.8 ± 2.0 5.7 ± 0.2 Plagioclase 2 -2.1 ± 3.7 127.1 ±6.4 
Spinel! 12.6 ± 1.1 --0.0 ± 2.1 2.4 ± 0.1 Plagioclase 3 1.9 ± 6.0 228.1 ± 11.5 
Spinel2 12.7 ± 1.4 1.1 ± 2.4 2.4 ± 0.1 Plagioclase 4 3.0± 5.1 184.0 ± 9.3 
Spinel3 14.8 ± 1.4 -1.5 ± 2.5 2.5 ±0.1 Plagioclase 5 2.1 ± 5.5 200.5 ± 10.1 
Hibonite 17.1±1.7 0.5 ± 3.1 25.8 ± 1.3 Pyroxene I --0.9 ± 0.8 0.509 ± 0.025 

AXCAI-2271 AXCH-2171 
Melilite I 13.2 ± 1.7 -0.4 ± 2.8 17.4±0.9 Olivine I --0.1 ± 1.0 0.0010 ± 0.0001 
Melilite 2 12.8 ± 1.5 0.4 ± 2.3 17.7±0.9 Plagioclase I -1.8 ± 3.1 33.5 ± 2.1 
Melilite 3 12.9 ± 1.6 0.2 ± 2.4 13.8 ±0.7 Plagioclase 2 --0.3 ± 3.5 44.6 ± 2.4 
Melilite 4 12.5 ± 1.6 1.1 ± 2.4 13.2 ±0.7 Plagioclase 3 -1.0 ± 4.9 83.1 ±4.2 
Melilite 5 12.0 ± 1.7 4.1 ±2.9 25.4 ± 1.3 Plagioclase 4 --0.3 ± 4.3 88.9 ± 4.5 
Melilite6 15.4± 1.7 1.4 ± 2.9 20.2 ± 1.0 Plagioclase 5 -2.0±6.0 85.8 ± 4.7 
Melilite7 15.6 ± 1.8 --0.6 ± 3.0 22.4 ± 1.1 Plagioclase 6 -1.1 ± 4.7 56.2 ± 3.0 
Melilite8 11.6 ± 1.5 0.3 ±2.1 17.4 ± 0.9 Plagioclase 7 --0.4 ± 3.3 60.9 ± 3.1 
Melilite 9 16.1 ± 1.7 --0.6 ± 2.8 20.0 ± 1.0 Plagioclase 8 -1.1 ± 2.6 22.6 ± 1.1 
Melilite 10 15.9 ± 2.6 -3.2 ± 5.1 29.5 ± 1.5 Plagioclase 9 0.9 ± 2.4 29.0 ± 1.5 
Spinel! 13.1±1.2 1.5 ± 2.0 2.5 ± 0.1 Plagioclase I 0 -1.3 ± 3.6 66.8 ± 3.4 
Spinel2 14.1 ± 1.3 --0.2 ± 2.1 2.5 ±0.1 Plagioclase II --0.8 ± 4.4 69.9 ± 3.5 

Plagioclase 12 2.2 ±4.3 75.0 ± 3.8 
AXCAI-1571 

Melilite I 4.3 ± 2.1 12.0 ± 3.9 29.6 ± 1.6 AXCH-2272 
Melilite2 4.5 ± 1.8 8.6 ± 3.2 21.4± 1.1 Olivine I -0.5 ± 1.8 0.0005 ± 0.0001 
Melilite3 4.5 ± 1.7 9.3 ± 3.0 20.2 ± 1.1 Plagioclase I -1.8 ± 6.8 56.2 ±2.8 
Melilite4 4.4 ± 1.6 3.6± 2.6 10.7 ± 0.5 Plagioclase 2 9.4 ± 7.0 65.9 ± 3.3 
Melilite 5 5.4 ± 2.0 10.4 ± 3.7 29.7 ± 1.5 Plagioclase 3 -3.7 ± 3.8 20.5 ± 1.0 
Melilite 6 2.3 ± 1.6 6.5 ± 2.4 12.1 ± 0.6 Plagioclase 4 3.3 ±4.7 28.9 ± 1.5 
Melilite 7 3.4 ± 1.8 8.4±3.1 20.2 ± 1.0 Plagioclase 5 3.6 ± 5.5 39.8 ±2.0 
Spinel! 2.4 ± 1.7 1.2 ± 3.2 2.9±0.1 Plagioclase 6 0.3 ±3.1 6.2 ±0.3 
Spinel2 3.1 ± 1.5 1.8 ± 2.7 2.6 ± 0.1 Plagioclase 7 0.7 ± 3.5 15.1 ± 0.8 

Plagioclase 8 1.3 ± 3.3 12.2±0.6 
AXCAI-2775 

Melilite I 3.0 ± 1.5 4.5 ± 2.3 13.8 ± 0.7 
Melilite2 6.4 ± 1.4 3.8 ± 1.8 8.7 ± 0.5 
Melilite 3 3.6 ± 1.5 5.2 ± 2.2 10.4 ± 0.5 
Melilite 4 4.0 ± 1.4 3.4 ± 2.0 9.9 ± 0.5 
Spinel 3.3 ± 1.2 0.6 ± 2.0 2.6±0.1 
Pyroxene 7.5 ± 0.8 0.6 ± 1.6 2.3 ±0.1 
Plagioclase -8.3 ± 5.5 4.7±11.3 1333 ± 70 

All error bars are 2amean· 
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FIG. 9. The degree of mass fractionation in Mg (FMg) is plotted for several 
minerals in each of the Axtell CA!s and in chondrule AXCH-1471. Plotted 
data are averages of the measured values from Table 7. Inclusion AXCAI-
2771 is highly fractionated favoring heavy isotopes, with melilite and spinel 
exhibiting FMg of -14%o/amu and hibonite showing a somewhat larger value. 
The hibonite is located near the edge of the inclusion and may reflect 
isotopic evolution of the surface layer during crystallization. The other two 
CA!s and AXCH-1471 are slightly fractionated favoring the heavy isotopes 
and exhibit FMg values similar to those for most Allende CA!s. 

ISOTOPIC RESULTS 
Magnesium 

Magnesium-isotopic compositions are given in Table 7. In the 
large melilite-rich CAl, AXCAI-2771, Mg is fractionated 14-
18%o/amu favoring the heavy isotopes for all phases (Fig. 9). 
Hibonite has a higher FMg than melilite and spinel, which suggests a 
multi-stage origin. Mass fractionation of this magnitude is charac
teristic of the rare and isotopically highly anomalous FUN 
inclusions in Allende (e.g., Wasserburg et a!., 1977). Inclusions 
AXCAI-1571 and AXCAI-2775 are fractionated 3-5%o (Fig. 9), like 
most CAis from other meteorites (Esat and Taylor, 1984, Clayton et 
a!., 1988, MacPherson et a!., 1988, Goswami et a!., 1994). 
Quantitative FMg data were only obtained for one chondrule, 
AXCH-1471, where pyroxene and spinel (independent of Fe 
content) are fractionated to about +4%o, whereas olivine appears to 
be unfractionated. 

The large type-A CAl (AXCAI-2771) shows no resolved 26Mg* 
and gives an upper limit for (26Alf27Al)0 of<l.l x lQ-5 (Fig. lOa). 
Low (26 Alf27 Al)0 is again characteristic of FUN inclusions 
(Wasserburg eta!., 1977; Lee eta!., 1979). Two CAis exhibit clear 
excesses of26Mg*. Inclusion AXCAI-1571 exhibits a good correla
tion between 27 Alf24Mg and 26Mg!24Mg, and the inferred 
(26Alf27Al)0 is -5 x lQ-5 (Fig. lOb). The type-B CAl, AXCAI-2775, 
exhibits complicated Al-Mg systematics. Spinel, pyroxene, and 

TABLE 8. Titanium isotopes in perovskite from AXCAI-2571 
(AXCAI-2771 ). 

FTi o47Ti 049Ti 05oTi 
(%o/amu) 

Standard -0.1 ± 0.6 -1.1 ± 0.6 -{).3 ± 0.7 

Per. #I 1.7 ± 0.9 -{).3 ± 0.8 -1.0 ± 0.9 3.2 ± 1.0 
Per. #2 5.2 ± 1.4 1.1 ± 1.4 -1.0 ± 1.4 3.6 ± 1.9 
Mean 2.5 ± 0.1 0.1 ± 0.7 -1.0 ± 0.7 3.3 ± 0.9 
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FIG. 10. Evolution diagrams of Mg-AI for the type-A CA!s AXCAI-2771 
and AXCAI-1571. (a) Data for all three pieces of AXCAI-2771 are shown. 
These data do not show a resolved excess of 26Mg* and the inferred 
(26Aif27 Al)o is <1.1 x I0-5. (b) Magnesium data for melilite and spinel in 
AXCH-1571 show a good correlation with AI/Mg indicating that 26AJ 
decayed i? situ. The inferred (26AJf27 Al)o is -5 x I 0-5, similar to the values 
observed m many unaltered CAis from other meteorites. 

melilite show a reasonable correlation between 27 Alf24Mg and 
26Mg* with (26 Alf27 Al)o "" 5 x 1 Q-5 (Fig. 11 ). However, a 
plagioclase crystal with 27 Alf24Mg "" 1300 does not have a 
resolvable excess of 26Mg*. A regression of spinel, pyroxene, and 
plagioclase gives (26Aif27 Al)o <1.6 x lQ-6 (Fig. 11, inset). This 
situation was also reported for Efremovka type-Bl inclusion E44 
(Goswami et a!., 1994). The very high 27Aif24Mg and the low 
(26 Alf27 Al)0 of the plagioclase and the polygranular texture of the 
melilite indicate that AXCAI-2775 has been metamorphosed. 
Anorthite and melilite have similar 26Mg!24Mg ratios (Fig. II), 
which suggests that the two minerals have equilibrated. 

One Al-rich chondrule, AXCH-1471, shows a small but well 
defined excess of 26Mg* in plagioclase and an inferred (26 AJf27 Al)o = 
(3.4 ± 1.5) x JQ-6 (Fig. 12a). Plagioclase in AXCH-1371 did not 
show a resolved 26Mg* despite 27 Alf24Mg ratios of up to 225. The 
upper limit on (26 Alf27 Al)o is <3 x I Q-{) (Fig. 12b ). Likewise, the 
plagioclase-bearing barred-olivine chondrules, AXCH-2272 and 
AXCH-2171, do not show clear evidence of26AJ (Fig. 12c,d). 

Titanium 

Because the Al-Mg characteristics of AXCAI-2771 (FMg"" 15-
18%o; (26AJf27AI)0 <1.1 x JQ-5) are similar to those of FUN 
inclusions, we measured Ti isotopes in some large perovskite grains. 
The Ti isotopes are mass fractionated favoring the heavy isotopes, 
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with FTi "' 2.5%o, and there is a clearly resolved -3.3%o excess at 
50Ti (Table 8; Fig. 13). This excess is similar to that observed in the 
FUN inclusion, EK -1-4-1 (Niederer et a!., 1981 ), and suggests that 
AXCAI-2771 is indeed a FUN inclusion. 

DISCUSSION 

To successfully interpret the data on CAis and chondrules from 
Axtell and to place these data in the broader context of chondritic 
meteorites, it is necessary to understand the history of the individual 
objects prior to accretion, the history of the Axtell meteorite, and the 
histories of the meteorites to which we wish to compare our results. 
One must first recognize and account for alteration that took place in 
the meteorite parent body. Comparisons with Allende may be 
particularly instructive. 

The CV3 chondrites have been divided into oxidized (e.g., 
Allende, Axtell, Ningqiang, Bali, Grosnaja, Mokoia, and Kaba) and 
reduced subgroups (e.g., Leoville, Vigarano, and Efremovka) 
(McSween, 1977). Further subdivision of the oxidized subgroup 
was suggested by Weisberg et al. (1997), who placed Allende, 
Axtell, and Ningqiang in the CV3oxA subgroup and Bali, Grosnaja, 
Mokoia, and Kaba in the CV3oxB subgroup. Oxidized CV3 
chondrites have little or no metallic Fe and generally have higher 
contents of Mn, Fe, Na, K, and Br than reduced CV3 chondrites 
(e.g., Krot eta!., 1995). The CV3oxB chondrites contain widespread 
phyllosilicates that replace primary minerals in chondrules and CAis 
(e.g., Krot eta!., 1995; Weisberg eta!., 1997). The constituents of 
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26Mgf24Mg ratios for olivine, pyroxene, spinel, and plagioclase correlate with Al/Mg ratio. The inferred (26Al!27AJ)o is -3 x 10-{i. Chondrule AXCH-1371 (b) 
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all oxidized CV3 chondrites have experienced various degrees of 
low-temperature (<1000 K) metasomatic alteration, which produced 
grossular, anorthite, ilmenite, nepheline, sodalite, hedenbergite, and 
other minerals from primary phases through introduction of alkalis, 
halogens, and Fe (Krot et al., 1995). Many authors infer that this 
metasomatism occurred prior to accretion (e.g., Grossman et al., 
1975; MacPherson et a!., 1988). Constituents of reduced CV3 
chondrites experienced less of this metasomatism. Parent-body 
metamorphism also affected the CV3 chondrites to varying degrees. 
Allende exhibits the smallest spread in fayalite content of matrix 
olivines among oxidized CV3 chondrites and thus may have 
experienced the highest metamorphic temperatures (McSween, 
1977; Krot et a!., 1995). Estimates for the maximum temperature 
experienced by Allende range from -350 to -550 °C (Krot et al., 
1995, and references therein). 

Axtell and Allende, both CV3oxA chondrites, have had similar 
pre- and post-accretionary histories. The CAis and chondrules in 
both meteorites have been extensively metasomatized, but Axtell 
has much lower bulk Na and S contents than Allende (Table 5), and 
its CAis are not as strongly sulfidized (Simonet al., 1995), implying 
a lower degree of metasomatism. Axtell may also be somewhat less 
metamorphosed than Allende. Matrix olivines in Axtell show a 
larger compositional range than in Allende (Krot eta!., 1995), and 
Axtell has a slightly higher abundance of presolar silicon carbide in 
its matrix (Huss et al., 2000). But these differences are second 
order-constituents of both meteorites are extensively altered. 

Axtell and Allende contain similar suites of CAis, including 
type-B 1, type-B2, compact type-A, and fine-grained varieties 
(Simonet al., 1994, 1995; this study). However, there are subtle 
differences in mineralogy and mineral chemistry (also see Simonet 
a!., 1994). For example, fassaite in one Axtell type-B CAl is more 
Ti-rich than that in most Allende type-B inclusions (see Petrography 
and Mineral Chemistry, Calcium-Aluminum-Rich Inclusions), and 
the bulk is more AI- and Ti-rich than most Allende type-B 
inclusions (Table 4). Both of the compact type-A inclusions 
described here have subdued Group II REE patterns. Although 
Group II patterns are known from compact type-A Allende 

inclusions, most Group II inclusion in Allende are fine-grained and 

spinel rich, and most compact type-A inclusion have different REE 
patterns (e.g., MacPherson eta!., 1988). Axtell and Allende both 
contain CAis with (26Al!27AJ)0 "' 5 x 10-5 and FMg"' 3%o/amu. In 
both meteorites, later heating has partially redistributed Mg isotopes 
in some inclusions (Fig. 11; Podosek et al., 1991 ). One Axtell CAl, 
AXCAI-2771, is highly mass fractionated, exhibits a 50Ti excess, 
and does not contain detectable 26Mg*. This inclusion is thus 
similar in several respects to the Allende FUN inclusion EK1-4-l 
(e.g., Niederer et a!., 1981 ). The Axtell CAl, "Porky", studied by 
Caillet and Zinner (1995), has an even larger excess of 50Ti ( -62%o) 
accompanied by excess 48Ca (-38%o) and no detectable 26Mg*, 
although Mg in "Porky" is not mass fractionated. Two highly 
anomalous inclusions out of four studied to date may indicate a high 
proportion of isotopically anomalous inclusions in Axtell. These 
comparisons indicate that Axtell contains a distinct suite of CAis but 
that the range of characteristics found is similar to that observed in 
Allende and in other CV meteorites. 

Two Axtell plagioclase-pyroxene chondrules (AXCH-1471 and 
AXCH-1371) are similar in mineralogy and texture to Group 1 POls 
from Allende (Sheng et al., 1991 ). Two Allende POls exhibited 
26Mg* with (26Al!27AJ)0 = 6.1 x 10-6 and 2.6 x 10-6 (Sheng eta/., 
1991), and a similar value was obtained for AXCAI-1471 (-3 x 10-6). 
Other chondrules in both meteorites do not show evidence of 26AJ, 
but the limits on (26Al!27 AI)0 are comparable with the detections. 

Constraints on Nebular Timescales 

The CAis and plagioclase-bearing chondrules in Axtell exhibit 
the complete range of (26AJf27 Al)o values observed in Allende and 
other meteorites. Metamorphism in the Axtell parent body cannot 
be responsible for the range of initial ratios for Axtell CAis. Two 
melilite-rich CAis, AXCAI-2771 and AXCAI-1571, both contain 
melilite with Al/Mg ratios of -30, but one gives (26AJf27 Al)o "' 5 x 
J0-5, whereas the other shows (26 Al/27 Al)o < I X 10-5 (Fig. 10). If 
both inclusions had experienced the same metamorphic event, that 
event should have reset the melilite in both inclusions to about the 
same extent. Inclusion AXCAI-2775 (type-B) may have experienced 
higher temperatures than the two type-A inclusions, as indicated by 
the polygranular texture of the melilite and the apparent Mg-isotopic 
exchange between anorthite and melilite (Fig. 11). Plagioclase in 
one At-rich chondrule (AXCH-1471) has (26Al!27AJ)0 "' 3 x 10-{;, 
whereas another (AXCH-1371) does not have resolved 26Mg* 
excesses in spite of higher Al/Mg ratios (Fig. 12). The preservation 
of 26Mg* excesses in AXCH-1471, combined with the Mg self
diffusion rate for anorthite (LaTourrette and Wasserburg, 1998), 
appear to limit the maximum temperature of metamorphism on the 
Axtell parent body to -600 °C. This is consistent with the limit 
derived from noble gases in presolar diamonds from Axtell (Huss et 
al., 2000) and with comparisons to Allende. The apparent 
equilibration of plagioclase and melilite in AXCAI-2775 indicates 
that some constituents of Axtell experienced higher temperatures 
than the bulk meteorite. 

Similarly diverse (26AI!27 Al)o values are observed in suites of 
objects in other CV3 chondrites. For example, Allende contains 
anorthite-bearing type-B CAis with clearly resolved 26Mg* with 
(26 AJf27 Al)o "' 5 X I 0-5 (e.g., w A, Lee et a/., 1977) and FUN 
inclusions with little or no evidence of 26 AI (e.g., Lee et a!., 1979). 
Inclusions with 26Mg* but with disturbed Al-Mg systematics are 
also observed (e.g., Podosek et al., 1991). Allende also contains 
POls with (26Al!27AJ)0 "' 3 x 10-6 and others with no evidence of 
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26Mg* (Sheng et a!. 1991 ). In Efremovka, a reduced CV3, a 
plagioclase-bearing type-B CAl, E44, exhibits a disparity between 
spinel-melilite and spinel-anorthite regressions similar to that in 
AXCAI-2775 (Goswami et al., 1994). However, in other 
plagioclase-bearing CAis from Efremovka, plagioclase gives 
(26 Al/27 Al)o = (3-4) x 10-5. The presence of inclusions with similar 
mineral assemblages and variable (26Al!27 Al)o values in the same 
meteorite would seem to preclude the meteorite parent body as the 
site of metamorphism. Similar arguments were made by Russell et 
al. (1996) for Chain pur (LL3 .4 ), which has highly unequilibrated 
silicates in both chondrules and matrix (Huss et a!., 1981 ). The 
wide range of histories apparently experienced by individual objects 
within lightly metamorphosed meteorites shows that the constituents 
of chondrites had extended histories before they were incorporated 
into the final meteorite parent bodies. 

If CAis and chondrules were produced from a single isotopically 
homogeneous reservoir, then the range of (26Al!27 Al)o values reflect 
differences in time of formation or latest significant alteration. The 
implied timescale is several million years from the first formation of 
CAis to accretion of meteorite parent bodies (e.g., Russell et a!., 
1996). Two main issues arise from this interpretation. First, 
theoretical models indicate that chondrule-sized to meter-sized 
objects have short characteristic lifetimes (103 to 105 years) in the 
solar nebula because of gas drag (e.g., Cameron, 1995). It follows 
that in order to preserve small objects formed over timescales of a few 
million years, they must be rapidly accumulated into planetesimals 
and stored there. The second issue is to understand why a few 
inclusions, such as FUN inclusions and some hibonite micro
spherules, carry little or no evidence of 26AJ, and thus presumably 
formed late, but yet carry some of the largest isotopic anomalies in 
Ca and Ti, which apparently reflect incomplete mixing of presolar 
components (e.g., MacPherson eta!., 1995). 

These issues have led to various nonchronological interpretations. 
For example, one way to resolve the FUN inclusion problem is to 
call on isotopic heterogeneity in the nebula and to propose that CAis 
with different characteristics formed at approximately the same time 
from different packets of material (e.g., Lee et al., 1979). However, 
it is difficult to maintain large-scale spatial isotopic heterogeneity 
over the timescales required for a molecular cloud to collapse, an 
accretion disk to form, and for chondrules and CAis to be produced, 
when all of these processes work toward homogenizing the isotopic 
composition. 

As an alternative, Wood ( 1996) suggested that, because 26 AI 
was recently synthesized, it would have been primarily sited in a 
component of the presolar dust that was more volatile than that 
which carried the majority of the AI. In contrast, anomalous Ca and 
Ti would have been sited primarily in older refractory presolar 
stellar materials. This is because most dust is repeatedly evaporated 
and recondensed in interstellar space and only refractory grains 
would survive to preserve stellar signatures. Bulk presolar dust had 
26 Al/27 AI "' 5 x 10-5 and Ca and Ti had normal isotopic com
positions. Normal CAls are proposed to have formed from bulk 
nebular material. As volatile material containing 26AJ and 
isotopically normal Ca and Ti evaporated, refractory dust with little 
26AJ and anomalous Ca and Ti would remain. The FUN inclusions 
are interpreted to have formed by melting the residual solids after 
evaporation of much of the dispersed dust. The model proposed by 
Wood (1996) cannot easily explain low (26 Al/27 Al)o in chondrules 
because their bulk compositions require that they contain a 

significant fraction of the less refractory, 26AJ-rich component of 
nebular dust. But chondrules could have formed later. 

Origin of Aluminum-Rich Chondrules 

Aluminum-rich chondrules are unusual in that they have very 
much higher Al20 3 and CaO contents than typical chondrules (e.g., 
type-IA chondrules, Table 6). Their Al20 3 and CaO contents are 
intermediate between those of CAis (Table 4) and ferromagnesian 
chondrules (Table 6; Jones and Scott, 1989), but these three classes 
of objects do not form a linear trend on a Ca-Mg-AI-Si (CMAS) 
diagram (e.g., Russell et a!., 1996). In this section, we investigate 
three possible mechanisms by which Al-rich chondrules might have 
originated: (1) Al-rich compositions may have been produced by 
igneous fractionation, (2) chondrules may have become Al-rich by 
incorporating a CAl fragment or other Al-rich material, and (3) Al-rich 
chondrules may have formed from residues of evaporation of normal 
chondritic material. Other more complex, multi-stage processes can 
be envisioned, but we limit ourselves to these three possibilities. 

Igneous Fractionation-Aluminum-rich compositions might be 
produced by fractional crystallization of a chondritic melt, with 
chondrules produced from the fractionated melt. A subset of 
possible compositions produced by igneous fractionation would fall, 
on appropriate phase diagrams, at invariant points where the liquid 
is multiply saturated. More generally, a group of compositions 
related by a single process would fall along an array on the 
diagrams. We have plotted the compositions of Al-rich chondrules 
on phase diagrams of the CMAS system (Sheng, 1992). Oxides of 
the CMAS system comprise 96-97.5% of the mass of the 
chondrules. 

The plagioclase-pyroxene chondrules, AXCH-1471 and AXCH-
1371, are adequately represented by a four-component subset of the 
CMAS system, diopside-tridymite-spinel-anorthite. A four
component system can be plotted on a ternary diagram by projecting 
the compositions from the fourth component, which is typically the 
liquidus phase (e.g., Stolper, 1982). We have plotted compositions 
of AXCH-1471 and AXCH1371 and Al-rich chondrules from Sheng 
et a!. ( 1991) on the diagram diopside-tridymite-spinel projected 
from anorthite (Fig. 14). Figure 14 shows the phase boundaries and 
the anorthite saturation surface, and the number in parentheses next 
to each data point is the corresponding An coordinate. If the An 
coordinate is larger than the nearby contours of the anorthite saturation 
surface, then the bulk composition lies above that surface and 
anorthite was the liquidus phase. Chondrule AXCH-1471 projects 
very near to the boundary between An+ Fo +Land An+ Sp + L. 
Its An coordinate places it within uncertainties of the anorthite 
saturation surface (Fig. 14). However, a small amount of Na or Fe 
can have a large effect on the inferred phase composition (Sheng, 
1992). When projected from both albite and anorthite, the 
composition falls farther from tridymite in the An+ Sp + L field and 
the An coordinate places it below the anorthite saturation surface 
(Fig. 14). Spinel is then the liquidus phase, which is consistent with 
the textural evidence (Fig. 3). Projecting from fayalite to account 
for the small amount of Fe pushes the composition farther from 
tridymite. Chondrule AXCH-1371 projects onto the boundary 
between the An + Cpx + L and An + Fo + L fields, and its An 
coordinate places it well above the anorthite saturation surface 
(Fig. 14). Thus, anorthite is the expected liquidus phase. Projecting 
from albite and fayalite moves the composition away from tridymite 
to a position slightly off the diagram and lowers the An coordinate. 
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Anorthite Projection (Wt. %) 

Contours of Anorthite 
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FIG. 14. Ternary diagram of the system diopside-tridymite-spinel projected from anorthite (diagram from Sheng, 1992). Contours give the wt% of anorthite 
liquid on the anorthite saturation surface. Compositions of the Axtell chondrules are shown along with their An coordinates (see text). Also shown are the Al
rich chondrules from Sheng eta!. ( 1991) that have compositions appropriate for this diagram. This diagram is most suitable for investigating the compositions 
of AXCH-1471 and AXCH-1371. Two projections are plotted for these chondrules. One is the standard projection from anorthite (filled symbols with An 
coordinates), and the other is projected from both anorthite and albite (hatched symbols). Chondrules AXCH-2171 and AXCH-2272 are shown with open 
circles but their compositions should not be interpreted from this diagram. Abbreviations: An= anorthite; Tr = tridymite; Cpx =clinopyroxene (diopside); Fo 
= forsterite; Oe = orthoenstatite; Pr = protoenstatite; Mu = mullite; Sp = spinel; Cd = cordierite; Co = corundum; L = liquid. 

The new position is still well above the anorthite saturation surface 
(Fig. 14) and anorthite remains the predicted liquidus phase. 

The barred olivine chondrules, AXCH-2171 and AXCH-2272, 
are best represented by the diagram diopside-tridymite-spinel 
projected from forsterite (Fig. 15). Both chondrules project into the 
Fo +An+ L field near to the boundary with the Fo + Sp + L field. 
Their Fo coordinates place them significantly above the forsterite 
saturation surface, which is consistent with the textural evidence that 
forsterite was the liquidus phase. Because the two compositions plot 
essentially on top of each other, they must lie along a single line 
connecting forsterite with the projected composition. The two 
compositions can thus be related to one another by addition or 
subtraction of olivine. 

None of the chondrules has a composition that is multiply 
saturated, and so it is not possible to demonstrate that igneous 
differentiation was responsible for any single composition. 
Chondrules AXCH-1471 and AXCH-1371 do not lie along any 
predicted fractionation trend, so they are not related by a single 
igneous differentiation process. In contrast, AXCH-2171 and 

AXCH-2272 could have formed from a single composition by 
addition or removal of olivine. Extending the analysis to include 
POls from Allende, Adelaide, Leoville, and Vigarano does not 
improve the picture (see solid squares in Figs. 14 and 15). From the 
available data, there are no groups of chondrules that are clearly 
related by a simple igneous fractionation trend. It follows that an 
origin for Al-rich chondrules from a single Al-rich melt is excluded, 
but more-complex scenarios cannot be excluded. 

Incorporation of Calcium-Aluminum-Rich Inclusion Frag
ments-A handful of refractory inclusions have been found within 
chondrules (Bischoff and Keil, 1984; Misawa and Fujita, 1994; Krot 
et a!., 1999; Russell and Kearsley, 1999), which suggests the 
possibility that assimilation of a CAl by a melt of chondritic material 
might produce an Al-rich chondrule. To test this hypothesis, we 
performed two-component mixing calculations using an "unfrac
tionated" endmember and several generic CAl compositions. For 
the unfractionated, volatile-rich endmember, compositions for Cl 
chondrites and matrices of LL, L, H, and CV chondrites were used 
(McSween, 1977; Huss eta!., 1981; Anders and Grevesse, 1989). 
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Tridymite 

Forsterite Projection (Wt. %) 

Contours of Forsterite 
Saturation Surface 

Diopside 
AXCH1 371 

(-29) 

After Sheng (1992) 

Spinel 
FIG. 15. Ternary diagram of the system diopside-tridymite-spinel projected from forsterite (diagram from Sheng, 1992). Contours give wt% offorsterite 
liquid on the forsterite saturation surface. Compositions of the Axtell chondrules are shown along with their Fo coordinates. Also shown are the Al-rich 
chondrules from Sheng eta/. (1991) that have compositions appropriate for this diagram. This diagram is most suitable for investigating the compositions of 
AXCH-2171 and AXCH-2272. Chondrules AXCH-1471 and AXCH-1371 are shown with open circles but their compositions should not be interpreted from 
this diagram. Abbreviations: En= enstatite. Other abbreviations are the same as in Fig. 14. 

For the CAl endmember, compositions for compact type-A 
(Beckett, 1986), fluffY type-A, type-B 1, type-B2, and fine-grained 
inclusions (MacPherson et a!., 1988) were used. The calculations 
assume that CAis carry a generic enrichment of REEs at -20 x CI. 
Ten components (Na20, K20, MnO, Cr20 3, Si02, MgO, Al20 3, 

CaO, Ti02, and Gd for AXCH-1371 and AXCH-2171 or average 
HREEs for AXCH-1471) were included in the calculation. Iron and 
Ni were excluded because these elements may be expelled from 
chondrules as immiscible metal melt droplets during the chondrule
forming melting event (Planner, 1986; Connolly et a!., 1994 ). 
Calculations were carried out using least-squares regression to 
determine the proportions of the two components that best match the 
measured composition (program from M. B. Baker, pers. comm., 
1997). 

For AXCH-1471, the abundances ofCr20 3, Si02, MgO, Al20 3, 

CaO, Ti02, and the heavy REEs are matched to within about ±50% 
for all combinations of vola~ile-rich and refractory endmembers. 
Higher-than-observed abundances of Na20, K20, and MnO in the 
calculated compositions can be understood to reflect volatile loss 
during the chondrule melting event. The minimum value for the 

sum of the squared residuals was obtained with mixtures of the 
compact type-A CAl composition with any of the volatile-rich 
components. The mixture with L3 matrix was marginally better 
than the others. Mixing proportions (volatile:CAI) were between 
0.48:0.52 and 0.54:0.46 and the nonvolatile elements and HREE 
matched to within ±35%. It is plausible that AXCH-1471 formed 
via assimilation of compact type-A CAl by typical chondritic 
material during chondrule formation. The low 26Al abundance in 
AXCH-1471 can be reconciled if assimilation took place con
siderably after CAis originally formed. 

For AXCH-1371, no combination of our generic CAis and a 
volatile-rich composition produced a reasonable match. Calculated 
Na20, K20, and MnO abundances are too high, probably because of 
volatile loss. However, MgO is too high in the calculated 
compositions by factors of >2, and Cr20 3 is too high by factors of 
-1.5 to 2.2. Magnesium and Cr should not be lost by volatilization, 
and common nebular components do not have sufficiently low MgO 
and Cr20 3 to produce a match by mixing with typical CAis. Thus, it 
is unlikely that AXCH-1371 formed by assimilation of a common 
type of CAl into relatively unfractionated material. 
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For AXCH-2171, all the compositions match to better than a 
factor of 2 for all components except Na20 and K20. Interestingly, 
MnO is not depleted to the same extent as the other volatiles. Only 
a small addition of CAl material is required by the AXCH-2171 
composition (mixing proportions (volatile:CAI) are between 
0.75:0.25 and 0.82:0.18). The largest mismatches are for MnO, 
Cr203, and Ti02. Because AI20 3, CaO, and Ti02 come primarily 
from the CAl component, the Ti02 mismatch would seem to 
exclude all CAl types except, perhaps, for fluffy or compact type-A. 
But these two CAl types do not produce a good match for Cr20 3. It 
follows that assimilation of a type-A CAl by normal chondritic 
material probably does not explain the composition of AXCH-2171. 
Assimilation of a CAl is also ruled out for AXCH-2272, because its 
refractory elements are not enriched relative to CI chondrites (Fig. 8b ). 

Th~ calculations thus show that assimilation of a CAl could 
explain the compositions of AXCH-1471 but cannot explain the 
compositions of the other three chondrules. 

Evaporation of Average Nebular Material-If evaporation of 
more volatile components from average nebular material was the 
process controlling the bulk composition of AI-rich chondrules, the 
elemental abundances should show a smooth variation as a function 
of volatility. The abundance pattern need not show complete 
retention of refractories nor nearly complete loss of volatiles, as 
predicted by equilibrium calculations, because of kinetic effects. 

The abundance pattern for one chondrule, AXCH-1471, roughly 
matches the pattern expected for evaporation. With the exception of 
LREEs, all elements more refractory than Sr and Ca are present at 
-10 x CI abundances (e.g., Fig. 8a). Relative depletions of other 
elements generally increase as volatility increases. Iron and Ni con
tents are considered to be low because of expulsion of immiscible 
metal melt (Planner, 1986; Connolly et a!., 1994 ). Evaporation of 
-90% of Si02 and MgO and a loss of 99% of FeO through a 
combination of evaporation and exclusion of an immiscible metal 
liquid would produce a -I Ox enrichment in the remaining elements. 
Magnesium is mass fractionated favoring heavy isotopes (FMg = 

2-4%o) but is much less fractionated than would be expected from 
Rayleigh distillation. 

The abundance pattern for AXCH-1371 is not a smooth function 
of volatility (Fig. 8b ). Strontium, Ca, Ti, AI, Sc, Tm, Yb, and Eu are 
enriched -I Ox relative to CI. The remaining REEs, Nb, and Zr are 
about half as enriched. Iron and Ni are highly depleted. The 
elemental abundance pattern for this chondrule is not consistent with 
single-stage evaporation of bulk nebular material. In AXCH-2171, 
the general enrichment of refractories to 3-5 x CI is consistent with 
evaporative loss of about half of the Si02 and MgO and a loss of 
99% of the FeO from a CI composition, but the LREEs are more 
enriched than the HREEs and AI and Zr are considerably more 
enriched (Fig. 8c). A single-stage model cannot explain the slight 
depletions ofHREEs relative to LREEs nor can it produce the larger 
enrichments of AI and Zr. Chondrule AXCH-2271 is not significantly 
enriched in refractory elements (Fig. 8d). 

Although all four chondrules show clear evidence that 
evaporative loss of volatiles and metal separation played significant 
roles during chondrule formation, only AXCH-1471 has a bulk 
composition broadly consistent with single-stage evaporation of 
bulk chondritic material. 

SUMMARY AND CONCLUSIONS 

We have carried out a detailed petrochemical study of selected 
compact type-A and type-B CAls and plagioclase-bearing chon-

drules from Axtell (CV3oxA). The suite of CAis and chondrules in 
Axtell is similar to, but distinct from, that in Allende, another 
CV3oxA meteorite. Bulk compositional data suggest that CAis and 
chondrules are derived from average nebular material, but the 
mechanisms of formation and the relationships of the different 
objects are not at all clear. Isotopic evidence indicates that they did 
not all form in the same isotopic reservoir (Isotopic Results). 
Petrographic evidence indicate that CAis and AI-rich chondrules 
experienced extended histories prior to their incorporation into the 
meteorite parent bodies. In CAis, evidence includes irregular and 
angular shapes, rim sequences that cover the convoluted surfaces 
and thus postdate the events that shaped the objects, and 
metasomatism that has altered the primary mineralogy near the 
surfaces and along cracks. Some of these events are also recorded in 
the chondrules. 

The Al-Mg systematics of chondrules and CAis place time 
constraints on this early history. Like in other meteorites, some 
CAis in Axtell formed with (26Alf27 Al)o near the canonical value of 
5 x J0-5. Some have remained isotopically undisturbed (Fig. lOb), 
but others show isotopic evidence of later heating events (Fig. II). 
Some inclusions apparently formed with very low (26AI!27 AI)0, and 
some of these have large isotopic anomalies in other elements 
similar to those of FUN inclusion found in Allende and other 
meteorites. Aluminum-rich chondrules in Axtell have relatively low 
(26 Al/27 Al)0 ranging down from -3 x I 0--{i, like in Allende and other 
meteorites. The Al-Mg systematics of CAis and chondrules suggest 
that formation and alteration of these objects took place over several 
million years. The presence in a single meteorite of objects with a 
range of (26 Al/27 Al)0 and the close proximity of isotopicallly 
disturbed and undisturbed inclusions imply that CAis and chondrules 
formed and were altered over several million years before they 
accreted into the final meteorite parent bodies. 

An extended preaccretionary history is hard to reconcile with the 
short dynamical lifetimes of chondrule-sized objects because of gas 
drag in the early solar nebula (e.g., Cameron, 1995). Small objects 
could survive for extended period in the nebula if they accreted into 
larger bodies (kilometer-sized?) that are not affected by gas drag. 
The CAis and chondrules may have accreted rapidly into relatively 
large bodies. The high 26AJ abundance implied by CAis would have 
been a formidable heat source in the earliest of these bodies, probably 
sufficient to drive metasomatism and thermal metamorphism. 
Repeated disruptions of these bodies would return CAis and 
chondrules from earlier high-temperature events to the nebula where 
they could be recycled or mixed with the products of later events in 
later generations of bodies. Meteorites in our collections could be 
samples ofthe final stages of this process. 
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