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Introduction: Extensive study of Ca-Al-rich Inclusions 
(CAIs) from Allende has revealed a complex series of events 
subsequent to the initial crystallization, including pervasive 
alteration, primarily of melilite. Allende TS 34 (Type B1) is 
unique in having atypically large spinel grains, permitting 
detailed study of minor element zoning based on whole crys-
tal contour maps [1]. Profiles for V and Fe can be understood 
in terms of diffusion of elements mobilized by the alteration. 
The Fe profiles imply heating for a few hundred years in the 
600-700° temperature range. However, the Ti zoning profiles 
have proved difficult to explain. We have undertaken addi-
tional analysis of the environment surrounding the spinels in 
an effort to determine the origin of the Ti in spinel.  
Experimental: This study utilized the same polished thin 
section of Allende TS 34 used by [2, 3 and 4]. The V, Fe and 
Ti distribution in spinels have been analyzed by high preci-
sion electron microprobe analyses [1]. We have mapped the 
composition of the host matrix minerals, melilite and clino-
pyroxene (cpx), to determine their influence on the trace 
element concentrations in the spinels. All spinel grains in 
melilite analyzed as part of the original study [1] were exam-
ined by scanning electron microscopy for the presence of 
cpx and other phases along the boundary between the spinel 
and melilite matrix.  
Results: For all spinel inclusions in melilite, Ti concentra-
tions are peaked in the interiors of the grains (Fig. 1). Con-
centration maps and corresponding profiles of individual 
crystals from this study show core-to-rim enrichments of 
individual grains of 5-35% (Fig. 2).  This is consistent with 
the spinels being a suite of concentrically zoned, 35% center-
peaked crystals that are in general sectioned off-center. In 
contrast, when a spinel grain is in a cpx host, the Ti concen-
trations decrease with distance from the cpx, reflecting sub-
solidus diffusion of Ti from cpx to spinel [e.g., 3, 4].  

Close examination of the boundary between spinel and 
melilite in TS 34 show that 10 out of 11 grains studied have 
boundary cpx, generally <5 µm in width, but often extending 
over 10s of microns on the crystal edge (the largest is shown 
in Fig. 3). Other spinel are associated with small grains or 
blebs (<10 µm) of cpx. Of the eight mantle melilites ana-
lyzed six had cpx rinds, one was associated with blebs, and 
one had both a rind and blebs. No core spinels in melilite 
were found to have cpx rinds, and two out of three are asso-
ciated with blebs of cpx.  

Although more data processing remains, the host Ak con-
tour maps (300-500 data points each; 8 to 12 µm spacing) 
show no correlation between the trace element zoning and 
the Ak or Na content of the melilite, as well as no correlation 
between the presence of boundary cpx and the Ak content of 
the melilite. 
Discussion: There are three main observations to be ex-
plained: (a) The center-peaked Ti zoning profiles for spinel 
inclusions in both mantle and core melilite (Fig. 1); (b) the 
origin of the boundary cpx (Fig. 3) and their influence on the 
Ti zoning; and (c) the systematically higher central Ti for 
spinel inclusions in mantle melilite (Fig. 2). We have (at 

least) two more-or-less self-consistent models: (I) Subsolidus 
diffusion of Ti from spinel into melilite, and (II) crystalliza-
tion of melt inclusions. 

Subsolidus Diffusion. The edge-peaked Ti zoning pro-
files for spinel inclusions in cpx show that Ti diffusion in 
spinel is sufficiently rapid under subsolidus conditions, but 
here the cpx is such a large Ti reservoir that there are no 
constraints on the ability of Ti to diffuse in cpx.  

From detailed analysis of the Ti maps for spinels on 
melilite-cpx boundaries, it can be inferred that diffusion of 
Ti in melilite is more rapid than cpx, making it plausible that 
the center-peaked profiles are due to loss to the surrounding 
melilite.  

In this model, the boundary clinopyroxene, regardless of 
how they formed, are passive in controlling the Ti profiles. 
The cpx-melilite diffusivity difference is supported by the Ti 
profile in the mantle spinel inclusion E2 which decreases 
from core to a rim where a relatively large boundary cpx is 
present (Fig. 3), ignoring the ability of the cpx to provide Ti. 
This diffusion model must assume that the amounts of 
boundary cpx are always minor so that loss of Ti to melilite 
dominates any tendency to gain Ti from the cpx. At higher, 
near solidus, temperatures, Ti equilibration between spinel 
and boundary cpx can occur and the observed larger amounts 
of boundary cpx around mantle melilite can explain observa-
tion (c).  

A potential problem with this model is that the Ti con-
centration at the spinel rim should be constant, independent 
of the core Ti concentration, instead set by interface spinel-
melilite equilibration, but this is not observed (Fig. 2). How-
ever, the presence of significant Ti diffusion gradients in 
melilite, decreasing away from spinel could make this model 
compatible with observation (c). The subsolidus diffusion 
model then becomes a Goldilocks model in which Ti diffu-
sion in melilite is just right, fast enough to cause spinel de-
pletion, but not so fast that diffusion gradients in the melilite 
are absent. 

Crystallization of melt inclusions. In contrast to sub-
solidus diffusion, this model proposes a feature role for the 
boundary cpx, interpreting them as being produced from 
residual melt inclusions. Figure 4 shows an experimental 
demonstration of the formation of boundary cpx by this 
process in a CAI sample crystallized at a cooling rate of 2 
°C/hr. The spinel is an inclusion in an overall low Ak, early 
formed melilite, but the spinel-cpx core is surrounded by 
some residual glass and a layer of high Ak melilite as ex-
pected from crystallization of a melt inclusion surrounding 
the first-formed spinel. This model is not supported in that 
we have not found high Ak melilite around boundary cpx, 
but the spatial resolution of the mapping may have been too 
coarse.  

The origin of the center-peaked Ti profiles for spinel in-
clusions in mantle melilite can be understood fairly naturally 
from the crystallization of a melt inclusion around a spinel. 
The melt Ti concentration will initially increase because of 
melilite crystallization but fall after cpx enters. If Ti equili-
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bration with spinel can be initially maintained (plausible 
because of [2]) but stops sometime after cpx enters, the cen-
ter-peaked Ti profiles can be explained. A later remelting of 
the core, as previously proposed for TS 34 [4, 5] can explain 
observation (c) although ad hoc assumptions about the de-
gree of melting and crystallization sequence are required. 
Adopting a spinel-liquid partition coefficient of 0.2 [2] and a 
typical core melilite central TiO2 content of 0.3%, this con-
strains the liquid TiO2 content at the end of remelting to be 
about 1.5%, lower than expected given that the liquid pro-
duced by remelting of the original CAI core would have a 
large clinopyroxene component. However, if clinopyroxene 
is a liquidus phase, then the liquid TiO2 could have dropped 
to 1.5% at the time/temperature at which TiO2 equilibration 
between spinel and liquid was last possible. 

In either model the boundary clinopyroxene are best ex-
plained by melt inclusions, whose presence suggest rela-
tively rapid cooling; however, Fig. 4 shows, perhaps surpris-
ingly,  that melt inclusions occur at least down to 2 °C/hr. 
References: [1] Burnett D. S., Paque J. M. and Beckett, J. 
R. (2004) LPSC XXXV, Abstract #1253. [2] Connolly H. C. 
Jr. and Burnett D. S. (2003) Geochim. Cosmochim. Acta, 67, 
4429-4434. [3] Connolly H. C. Jr. and Burnett D. S. (1999) 
Meteor. Planet. Sci. 34, 829-848. [4] Connolly H. C. Jr., 
Burnett D. S., and McKeegan K. D. (2003) Meteor. Planet. 
Sci. 38, 19-224. [5] Beckett J. R., Simon S. B. and Stolper E. 
(2000) Geochim. Cosmochim. Acta, 64, 2519-2534. 
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Figure 1. TiO2 and V2O3 as a function of distance for spinel 
B2 (wholly included in core melilite) from TS 34. 
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Figure 2. Core-to-rim enrichments in TiO2 of isolated spinel 
grains in TS 34 as a function of core concentration of TiO2.   

 
Figure 3. Spinel E2 with pyroxene rim from Allende TS34. 
 

 
Figure 4. Experimental sample (98-53) from a Type A/B1 
analog (maximum temperature=1500°C, cooling 
rate=2°C/hr, quench temperature=1167°C). Melt plus spinel 
is trapped in the large melilite crystal, and eventually crystal-
lizes pyroxene. 
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