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Introduction:  Most Ca, Al-rich inclusions (CAIs) 
contain excesses of 26Mg due to in-situ decay of short-
lived radionuclide 26Al [e.g., 1]. The initial 26Al/27Al 
ratios [(26Al/27Al)0] of anorthite in CAIs from 
metamorphosed chondrites such as the Allende CV 
chondrite typically show a wide spread, ranging from 
the canonical ratio of ~5.2×10–5 [1-2] to 0. In contrast, 
CAI minerals including anorthite from unmeta-
morphosed chondrites uniformly have the canonical 
initial 26Al/27Al ratio with a few exceptions [3]. 
Because CAIs from CV chondrites experienced 
multistage thermal processing in the solar nebula and 
on the CV asteroidal body, the observed spread in 
(26Al/27Al)0 could be due to redistribution of Mg 
isotopes that resulted in disturbance of their 26Al-26Mg 
systematics due to the thermal processing [e.g., 4]. 
Here we report the distribution of Mg isotopes in an 
anorthite crystal from Allende CAI using the isotope 
imaging technique, isotopography, and discuss 
possible origin of heterogeneous distribution of Mg 
isotopes.   

Sample and Experimental Methods: A polished 
thin section of a Type B1 CAI, HN3-1b [5-9] from 
Allende CV chondrite was studied using SEM, EPMA, 
and SIMS. HN3-1b consists of melilite, coarse 
anorthite crystals, fassaite and spinel, and is 
characterized by large crystals of anorthite (up to ~3 
mm) (Fig. 1a). X-ray and cathodoluminescence (CL) 
images were obtained with the JEOL JXA-8500F field-
emission electron microprobe at the University of 
Hawai‘i (UH). Al-Mg isotope images (isotopographs) 
were obtained with the UH isotope microscope system 
– Cameca ims-1280 SIMS combined with two-
dimensional ion detector SCAPS [10]. A ~1.5 nA 16O– 
primary beam in aperture illumination mode was used 
to achieve uniform secondary ion emission from a 
sample area of ~50×60 µm2. The energy band pass was 
set to 50 eV and energy offset voltage was adjusted to 
compensate drifts of energy distribution of secondary 
ions due to charging on the sample. A contrast aperture 
of 150 µm in diameter was used to improve spatial 
resolution of the image. The exit slit was narrowed 
enough to eliminate contribution of interference ions to 
the isotopic images. The typical mass sequence and 
measurement time for acquiring secondary ion images 
for one cycle were 24Mg+ (160s), 25Mg+ (1000s), 24Mg+ 

(160s), 26Mg+ (1000s), 24Mg+ (160s). 27Al+ (20s) and 
23Na+ (60s) were measured before and after Mg isotope 
measurement. The measurement consisted of 4 or 6 
cycles in total. The digital image processing using a 
moving average was applied to Mg ion ratio images in 
order to reduce the statistical error. Elemental ratio of 

27Al/24Mg was obtained from measured 27Al+/24Mg+ 
using a sensitivity factor measured on terrestrial 
plagioclase standard under same analytical conditions. 
Excesses of 26Mg (δ26Mg*) were calculated using 
δ26Mg* = Δ26Mg – 2×Δ25Mg, where Δ25Mg and Δ26Mg 
are standard delta values calculated from the measured 
25Mg/24Mg and 26Mg/24Mg ratios, respectively.  

Results and Discussion:  Two regions in a large 
anorthite grain (an#f) were analyzed (Fig. 1b). The 
anorthite an#f shows heterogeneous distribution of CL 
signal (Fig. 1c). Mg and Na are distributed hete-
rogeneously with sharp boundaries, while Al is 
homogeneously distributed (Figs. 1d,e,g,h). The 
zoning patterns of Mg and Na are correlated and are 
anticorrelated with CL intensity, similar to the 
observation by [11]. Mg isotopographs also show tiny 
(~ 1 µm to sub-µm) spots having very high Mg in the 
anorthite, which appeared in dark spots in Fig. 1e and 
1h. These high-Mg spots are not recognizable in BSE 
images and it is not clear yet whether these spots 
represent an individual mineral phase. Similar Mg-rich 
small spots in anorthite were reported by [8]. Δ25Mg 
values are indistinguishable from the terrestrial Mg and 
homogeneous within uncertainty of our measurement. 
Δ26Mg have values are heterogeneously distributed and 
significantly higher (up to ~400 ‰) than terrestrial 
ratio (Figs. 1f, i). Area with the highest Δ26Mg 
observed in Fig. 1f corresponds to the highest Al/Mg 
ratio (Fig. 1d). However, in most areas the 
distributions of Δ26Mg do not match the zoning 
patterns of Al/Mg, and are rather homogeneous. Figure 
2 shows an Al-Mg evolutionary diagram of HN3-1b 
an#f. Each point is calculated for ~3×3 µm2 area in 
δ26Mg* and 27Al/24Mg isotopographs. The initial 
26Al/27Al ratios are scattered between the canonical 
value of 5.2×10–5 and 3.0×10–5, and tend to decrease 
with increase of 27Al/24Mg ratio. This result is in a very 
good agreement with [6, 8] who measured the same 
crystal and another anorthite grain in HN3-1, 
respectively. If the observed range of (26Al/27Al)0 
reflects a duration of the HN3-1 formation, the time 
scale of the formation is calculated to be ~0.5 Myr. 
However, this interpretation is highly unlikely because 
other constituent minerals in the HN3-1 show  a very 
narrow range of (26Al/27Al)0, corresponding to ~0.03 
Myr [9]. Instead, the observed spread in (26Al/27Al)0 is 
probably due to redistribution of Mg isotopes in an#f 
due to the thermal processing of the HN3-1 that 
resulted in disturbance of its 26Al-26Mg systematics. 
Mg-self  diffusion in a crystal works to homogenize 
Mg-isotope distribution, while MgSi-AlAl inter-
diffusion homogenizes Al/Mg distribution. The MgSi-
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Fig. 1. (a) Combined X-ray map of HN3-1b; Mg in red, Ca in green, Al in blue. (b) BSE image of region indicated by white 
rectangle in (a). Two analyzed areas in anorthite grain an#f are indicated. Many SIMS pits by [6] are visible. Most white stuff is 
residual Au from a previous coating. (c) Cathodoluminescence image of the same region. The analyzed areas are outlined. (d-f) 
23Na+/27Al+, 27Al/24Mg, δ26Mg isotopographs of area an#f-1. (g-i) 23Na+/27Al+, 27Al/24Mg, δ26Mg isotopographs of area an#f-2. 
Note 23Na+/27Al+ ratio is not corrected for their sensitivities. 
 
 

Fig. 2. Al-Mg evolution diagram for HN3-1b an#f calculated 
from 27Al/24Mg and δ26Mg* isotopographs. The δ26Mg* 
isotopograph is visually equivalent to the Δ26Mg 
isotopograph but is noisier. Each data point represents 
average and standard deviation in ~3×3 µm2 area. Errors are 
1σ. 
 

AlAl inter-diffusion in anorthite has not been measured 
yet, but the estimated value [12] is 2 orders of 
magnitude smaller than the Mg-self diffusion [4] based 
on CaAl-NaSi in plagioclase [13] and MgSi-AlAl in 
melilite [14]. Therefore, it seems possible to 
homogenize Mg-isotopes without significant change in 
Al/Mg distribution, which is consistent with the 
observed distributions in Δ26Mg and 27Al/24Mg 
isotopographs. Mg-self diffusion in anorthite is also 
consistent with the observed trend in Fig. 2 because the 
effect of redistribution of Mg-isotopes is expected to 
be relatively larger in anorthite with higher Al/Mg 
ratio (i.e., smaller number of Mg atoms) than in those 
with lower Al/Mg. This result is in a good agreement 
with two-dimensional simulation of Mg-isotope 
redistribution by the Mg-self diffusion in anorthite 
during thermal metamorphism at 400°C and that lasted 
for several My [7]. We conclude that the variation in 
initial 26Al/27Al ratios observed in the anorthite an#f 
was due to the redistribution of Mg isotopes through 
Mg-self diffusion within an#f during thermal 
processing of HN3-1 .  
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