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PETROGRAPHY AND MINERAL CHEMISTRY OF CALCIUM- AND 
ALUMINUM-RICH INCLUSIONS IN THE MARALINGA CK4 CHONDRITE. 
Lindsay P. Keller, SN14, NASA Johnson Space Center, Houston, TX 77058. 

Maralinga is a metamorphosed carbonaceous chondrite find that is a member of the 
recently defined CK group [I]. Keller et al. [2] suggested that Maralinga is an anomalous CK 
chondrite because it contains numerous Ca-Al-rich inclusions (CAIs) and has a high 
chondru1e:matrix ratio relative to other members of the CK group. CAIs are not common in other 
CK chondrites; only one CAI has been described previously from a CK chondrite, that being an 
unusual spinel-fassaite-olivine-bearing CAI in Karoonda [3]. In this report, preliminary 
petrographic and mineralogical descriptions are presented for 14 CAIs from Maralinga. 

Maralinga CAIs are unlike the type A and B CAIs in the CV3 chondrites in that they 
contain major plagioclase, spinel, and high-Ca pyroxene, and are totally devoid of melilite. The 
CAIs are typically coarse-grained, compact objects that are easy to recognize in thin section 
because of the ubiquitous occurrence of green pleonaste spinel [(Fe,Mg)Al 0 ] as euhedral 
crystals and as irregular masses in their interiors. The CAIs are irregular tc?s&erical in shape and 
range from 0.1- to 2-mm in diameter. Four types of CAIs are reco nized: 
Tvoe 1. (Inclusions MI1 and M12). These are irregularly shape d inclusions, characterized by 
symplectic intergrowths (Fig. 1) of plagioclase, pleonaste spinel, and minor clinopyroxene (Cpx), 
chlorapatite (Cl-apat), and magnetite (Mt). MI1 is the largest inclusion observed to date (-1 x 2 
rnm). Several concentric objects (up to 100 ym in length) occur within M11; these have cores of 
C1-apat surrounded by a thin (<5 pm) veneer of aluminous diopside that is in turn surrounded by 
plagioclase and fine-grained pleonaste and magnetite (Fig. 2). 
Tvoe 2. (Inclusions M13, M26, and M29). Type 2 inclusions are spherical and have small 
diameters (-100- to 250-pm). Their mineralogy is dominated by pleonaste spinel (>50 vol. %) 
and magnetite along with minor plagioclase, cpx, and C1-apat. These inclusions are similar to the 
spinel-rich spherules found in certain CM and ordinary chondrites [4]. 
Tvr>e. (Inclusions M14, M22, M24, M25, M28, and M31). These irregular to elliptical 
shaped inclusions contain abundant pleonaste and plagioclase along with lesser cpx (0-40 vol. %) 
and minor C1-apat and Mt. Three of the inclusions have "fossil" Wark-Lovering rims (M22, 
M24, and M3 1) -100 ym thick that consist of an innermost layer of pleonaste spinel+ilmenite, 
followed by a band of plagioclase with ym-sized pleonaste inclusions, and finally a 10- to 20-ym 
thick rim of aluminous-diopside. 
Tvoe 4. (M21, M23, and M27). Type 4 inclusions are spherical (up to 2-mm in dia.) and 
resemble type C CAIs in CV chondrites. Their mineralogy is dominated by an ophitic intergrowth 
of plagioclase and cpx. olivine (01) is absent or is a very minor component. Apatite has not been 
observed. M21 (-1.5 mm in dia.) contains an intergrowth of coarse-grained, lath-shaped 
anorthite (-An97) and zoned blades of fassaitic cpx. The zoned cpx has Fe-poor cores and Fe- 
rich rims. Minor 01 (Fo67) occurs as discrete crystals along An-Cpx interfaces. Framboidal 
clusters of pleonaste spinels occur in the cores of An crystals. The 01 in M21 are equilibrated 
with respect to Fe/Mg and have the same composition as matrix olivine. The crystallization 
sequence for this type of inclusion was spinel, followed by plagioclase, cpx, and olivine. 
Mineral Chemistry. Electron microprobe analyses of the pleonaste spinels fall within a narrow 
range of molar FeMg ratios (1.1 to 1.5). These spinels contain significant Ni (-1-2 wt.% NiO), 
Cr (0.1 to 2 wt.% Cr20 ), and Zn (-0.5 to 2 wt.% ZnO). Zn, and to a lesser degree Ni, are 
preferentially partitioned into spinel relative to other phases, whereas Cr prefers magnetite. The 
spinels typically contain pm-sized exsolution larnellae of magnetite and coarse-grained magnetite 
overgrowths. The magnetites show slight solid solution with chromite and spinel; Cr 0 contents 
range from 5 to 8 wt.% and A1 0 is c 2 wt.%. Plagioclase compositions fall within?ht?range of 
An50-An100, although most J e  Jery calcic (>An90). Polysynthetic twinning in plagioclase is 
common. Clinopyroxene compositions include diopside-hedenbergite solid solutions as well as 
high A1 (up to 15 wt.% A1 0 ) and Ti (up to 5 wt.% Ti02) cpx (fassaite). On a plot of A1 0 vs. 
Ti0 , Maralinga fassaite c6mbositions overlap with those from type B and C inclusions in'Zhd cv 
choldrites. 
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Discussion and Conclusio~.  Thermal metamorphism on the Maralinga parent body has 
modified the primary mineralogy and compositions of the CAIs through a combination of Mg/Fe, 
CaiFe, and Ca/Na exchange with matrix. Examples of this process include: Fe zoning in cpx, Fe- 
enrichment in spinels and olivines, the replacement of perovskite by ilmenite, and the occurrence 
of fine-grained magnetite at grain boundaries and the magnetite overgrowths on spinel. Other 
secondary minerals include chlorapatite which occurs as veins that cross cut some of the 
inclusions (e.g. M3 1) and sodic plagioclase (An50-An60) which is concentrated near the outer 
edges of several inclusions. The C1-apatite in the core of the concentric objects in type 1 CAIs is 
of probable secondary origin. Prior to metamorphism, the mineralogy of these inclusions 
consisted of anorthite (-An 100), Fe-poor spinel, fassaite, and forsterite. A peak metamorphic 
temperature of -720°C was proposed by [5] based upon the compositions of coexisting low-Ca 
and high-Ca matrix pyroxenes. The compositions of coexisting spinel and magnetite in Maralinga 
CAIs, although subject to re-equilibration on cooling, record minimum metamorphic temperatures 
of 500 to 600°C. 

The mineralogy and estimated bulk compositions of Maralinga CAIs are quite different 
from type A and B CAIs in that they are more Si- and Mg-rich and have a high modal abundance 
of plagioclase. They do show similarities to the plagioclase-rich type C CAIs described by others 
[6]. Perhaps the most intriguing feature of Maralinga CAIs is the absence of melilite. The 
symplectic intergrowths in type 1 CAIs are consistent with the replacement of melilite by a 
mixture of plagioclase and spinel via CaiFe exchange, probably on the Maralinga parent body. 
However, in the majority of CAIs analyzed (types 2-4), melilite was either a minor component 
(and subsequently altered), or was never incorporated in these inclusions. 

&owIedww&. Samples of Maralinga were kindly provided by David New. V. Yang is thanked for his 
assistance with the electron microprobe. 
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Fig. 1. Backscattered SEM image of symplectic inter- Fig. 2. Backscattered SEM image of a concentric 
growth of plagioclase (An), pleonaste spinel (Sp), and . object from CAI MI1 with a core of C1-apatite 
cpx in a type 1 inclusion (MI 1). Bright grains are (C-ap) surrounded by alurninouis diopside @i). 
magnetite. Scale bar = 100 p. Bright grains are magnetite. Scale bar = 100 p. 
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