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Introduction: Calcium-aluminum-rich inclusions
(CAIs) in chondrites are the first solids formed in the
early Solar System and thus preserve a record of the
earliest processes and conditions in the solar nebula
[1]. CAIs show mass-independent anomalies in a variety of isotope systems relative to terrestrial standards,
and these anomalies have been attributed largely to
incomplete homogenization of distinct nucleosynthetic
components in the nebular reservoirs sampled by these
objects [2]. In recent years, the isotopic compositions
of an unprecedented number of elements in a single,
large suite of normal (non-FUN) Allende CAIs have
been reported [3-7]. This past work has shown that
these normal Allende CAIs have uniform isotopic
compositions (within the analytical precision) for elements ranging from Sr to Dy; these compositions,
however, are distinct from terrestrial or bulk chondritic
compositions, suggesting that these CAIs originated
from an isotopically homogeneous nebular reservoir
which was distinct from the one from which the remainder of chondritic components originated.
It is important to expand these studies to investigate the isotope compositions of additional CAIs from
other primitive chondritic meteorites to ascertain the
degree of isotopic heterogeneity in the broader CAIforming region in the early Solar System. Recently, [8]
reported the Sr, Ba, Nd, Sm isotope compositions of
four CAIs from four different CV3 and CK3 chondrites and [7] reported the Cr and Zr isotope compositions of these same four CAIs. In this work, we expand
the analyses of these same CAIs to include Ti, and
additionally report Ti and Cr isotopic compositions of
two additional CAIs from two other CV3 chondrites,
Northwest Africa (NWA) 7891 and NWA 3118.
Another objective of the present study is to determine the 26Al-26Mg systematics of a range of CAIs
from a variety of carbonaceous chondrites. The goal is
to evaluate recent suggestions of possible heterogenity
in Mg isotopes and/or 26Al in the early Solar System
(e.g., [8]).
Samples and Analytical Methods: Data from six
samples are presented here. We analyzed Ti isotope
compositions of four CAIs that were previously studied [7, 9]: “Marge” (from CV3 NWA 6619), Lisa
(from CV3 NWA 6991), “Bart” (from CK3 NWA
496), and “Homer” (from CK3 chondrite NWA 6254).
We additionally measured Mg, Ti, and Cr isotope
compositions of two additional CAIs that have not

been previously studied: “ZT4” (from CV3 anomalous
NWA 7891), and “ZT9” (from CV3 NWA 3118). For
the CAIs ZT4 and ZT9, interior (labelled as “A”) and
rim (labelled as “B”) material from each CAI was extracted and processed separately.
All sample handling and chemical processing of
these CAIs was conducted in the Isotope Cosmochemistry and Geochronology Laboratory (ICGL) at Arizona State University (ASU). The interior and rim fractions from the two CAI samples from NWA 7891 and
NWA 3118 were digested in Parr bombs, followed by
multiple treatments with aqua regia. Subsequently, a
~5% aliquot of each fraction was reserved for elemental analyses, and the remainder of the solutions
were processed for the separation of Mg, Ti, and Cr
using ion chromatography methods adopted from those
in [10], [11], and [12] respectively. Titanium was additionally purified from unprocessed solutions of the 4
CAIs that were previously studied by [7,9].
Magnesium, chromium, and titanium isotopes were
measured on the Neptune Multicollector Inductively
Coupled Plasma Mass Spectrometer (MC-ICPMS) in
the ICGL using methods similar to those described
previously [4,6,7]. The Al/Mg ratios were obtained
using a Thermo Scientific iCAP-Q quadrupole ICPMS
in the Keck Laboratory at ASU.
Purified magnesium samples and standards were
analyzed at a concentration of 200 ppb. Samples were
introduced using an Elemental Scientific Apex-Q with
a 50 µL/min flow rate. The non-mass dependent effects
on 26Mg/24Mg were calculated relative to DSM-3 Mg
standard after internal normalization to 25Mg/24Mg
(=0.12663; [13]) using an exponential fractionation
law.
Purified titanium samples and standards were analyzed at a concentration of 1 ppm. Samples were introduced into the mass spectrometer using an Aridus II
desolvating nebulizer with a 60 µL/min flow rate. We
used a dynamic Faraday cup configuration to measure
the intensities of 44Ca, 46Ti, 47Ti, 48Ti, and 49Ti before
switching the magnet to measure 47Ti, 49Ti, 50Ti, 51V,
and 52Cr. Signals for 44Ca, 51V, and 52Cr were used to
correct for isobaric interferences. Ti isotopic data are
reported relative to an in-house SPEX Ti standard after
internal normalization to 49Ti/47Ti (=0.749766; [14])
using an exponential fractionation law.
Purified chromium samples and standards were analyzed at a concentration of 800 ppb. Samples were
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Figure 1. Mass-independent Ti isotopic compositions of the 6
CAIs analyzed here.

The Cr isotope measurements were completed for
the two fractions from the CAI ZT9A; we are currently
in the process of analyzing the compositions of the two
CAI ZT4 fractions. The ε53Cr values for CAI ZT9A
and ZT9B show a range from -0.47 ± 0.12 to -0.56 ±
0.12, and the ε54Cr values show a range from 5.73 ±
0.27 to 5.86 ± 0.29. Some variation in ε53Cr may be
due to the presence of radiogenic 53Cr from the decay
of 53Mn. As such, we subtracted a radiogenic 53Cr
component that was estimated using the initial Solar
System 53Mn/55Mn value of (6.28 ± 0.66) × 10-6 [18]
and the Mn/Cr ratios measured in these samples, but
the corrected compositions are the same as those reported above (within the errors). As discussed by [6], it

is plausible that the variation ε53Cr and ε54Cr in CAIs
could be due to addition of Cr to the CAIs from their
host matrix, but this two-component mixing model is
not consistent with the Cr isotope compositions of
Homer and for the ZT9 CAI fractions (Fig. 2).
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introduced using an Aridus II desolvating nebulizer
with a 60 µL/min flow rate. Measurements were done
in high resolution mode to avoid polyatomic interferences [15]. The intensities of 50Cr, 52Cr, 53Cr, and 54Cr
were measured, along with 49Ti, 51V, and 56Fe to monitor and correct for isobaric interferences. The Cr isotopic data are reported relative to the NBS 979 standard after internal normalization to 50Cr/52Cr
(=0.051859; [16]).
Samples of homogenized Allende powder and the
BCR-2 terrestrial rock standard were chemically processed and analyzed alongside the samples studied
here to assess the accuracy and precision of our analyses.
Results and Discussion: Chromium and Titanium
Isotopic Systematics. The Ti isotopic compositions
determined here for the six CAIs measured here are
shown in Fig. 1. ε50Ti shows a range from 7.89 ± 0.36
to 11.43 ± 0.30. While these values are generally consistent with the ε50Ti values reported previously for the
Allende CAIs (determined via Laser ablation ICPMS)
[17], they do indicate resolvable variation in Ti isotope
compositions.
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Figure 2. Data for several achondrites, chondrites, and CAIs
reported by [18], along with our data for six non-Allende
CAIs. Figure and model parameters after [6, 18].

Al-Mg Systematics. Al-Mg systematics for the all
cuts of CAIs ZT4 and ZT9 were analyzed. These four
fractions have a range of 27Al/24Mg ratios from 2.27 to
11.25. The internal isochron yields an initial 26Al/27Al
ratio of (6.3 ± 3.7) × 10-5, which is within error of the
canonical value of ~5 × 10-5 (e.g., [19,20]). These preliminary results are consistent with a homogeneous
distribution of 26Al in the early Solar System, but will
need to be more rigorously evaluated with high precision Al-Mg systematics in more CAIs from a variety of
carbonaceous chondrites.
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